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Foreword 


HE Transactions of The American Society of Mechanical Engineers include 

selected technical papers and reports delivered at meetings of the Society, its 
Professional Divisions, and its Local Sections, the Journal of Applied Mechanics 
(contributions of the Applied Mechanics Division), certain Records of the Society of 
permanent value, and indexes to its publications. 

In order to secure the advantages of timeliness and greater usefulness in issuing 
these Society Records, the material comprising them is divided into a number of 
parts, each one of which is mailed as a supplement to one of the regular monthly 
issues of the Transactions. For 1936, the first of these, the present issue, contains 
the personnel of the Council and committees for the year. The second, to be issued 
sometime later in the year, will contain the memorial notices of deceased members. 
It is expected that the reports of Council and the Society’s committees will appear 
as a supplement to one of the fall issues. The indexes to miscellaneous publications, 
Mechanical Engineering, and to the Transactions themselves, must, necessarily, be 
delayed until 1937, and will probably be mailed as a supplement to the January issue 
of that year. 

In binding the 1936 Transactions, all of these parts of the Society Records will be 
assembled at the back of the volume as has been customary for several years. To aid 
in locating references in the bound volumes, the page numbers of the sections con- 
taining the Journal of Applied Mechanics and the Society Records are preceded by 
the letters A and RI, respectively. 


THE COMMITTEE ON PUBLICATIONS 


Bachrach 


WILLIAM L. BATT 


Presipent oF THE AMERICAN Society OF MECHANICAL ENGINEERS 
1935-1936 


William L. Batt 


ILLIAM L. BATT, president of The American Society of Mechanical Engineers 

for the term 1935-1936, is president of the SKF Industries, Inc. Mr. Batt was 
born in Salem, Ind., on July 31, 1885. His family later moved to Lafayette, where 
he attended the public schools, and eventually Purdue University, from which he 
was graduated in 1907 in mechanical engineering. 

Prior to his graduation and for a short time thereafter, Mr. Batt was associated 
with Dr. W. F. M. Goss, then Dean of Engineering of Purdue, in the private pro- 
fessional work which Dean Goss then carried on. With Dr. Goss’s departure from 
Purdue Mr. Batt became associated with The Hess-Bright Manufacturing Company, 
Philadelphia, in manufacturing, engineering, and sales of anti-friction bearings. In 
1917 he became general manager of the company, and following the consolidation of 
the SKF Ball Bearing Company, The Hess-Bright Manufacturing Company, and 
other organizations, became vice-president of SKF Industries, Inc., the central 
organization. He has held the office of president since 1922. 

Mr. Batt has been a member of The American Society of Mechanical Engineers 
since 1911, and has been actively interested in its work, serving as chairman of the 
Revenue Committee, chairman of the Committee on Meetings and Program, chair- 
man of the Coordination Committee of Engineering Societies, U.E.T., Inc., and as 
a member of the Market Analysis Committee and of the Committee on Awards, of 
which he was chairman in 1935. For several years he also represented the Society 
on the board of the United Engineering Trustees, Inc. He was elected a vice-presi- 
dent of the Society in 1933. He has also been interested in committee work in the 
Society of Automotive Engineers. 

Mr. Batt is a director of the Air Preheater Corporation and a director of the 
Hudson Insurance Company, New York. In 1923 he was elected a member of the 
Board of Directors of the Swedish Chamber of Commerce of the U. S. A., and in 
1926 was elected vice-president. For his interest and activity in promoting commer- 
cial relations with Sweden, King Gustav V, of Sweden, in 1926, conferred upon Mr. 
Batt the decoration of the Order of Vasa, and in 1933 the Royal Order of the North 
Star. 

He is a member of the Newcomen Society, the Tau Beta Phi honorary fraternity, 
the Purdue Club of New York, the Engineers’ Club, New York, the Engineers’ Club 
of Philadelphia, the Upper Montclair Country Club, and the Pine Valley Golf Club. 
In November, 1933, he was honored by his Alma Mater, Purdue University, with the 
degree of Doctor of Engineering. 

He has contributed a number of articles to technical and general publications. 
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The American Society of Mechanical Engineers 


HE members of the Council and of its standing and special 
~*~ committees given on the following pages are those in office 
von February 1, 1936, serving for the official year 1935-1936. 
~The terms of office of members of other committees are not 


fixed by the official calendar. 


Officers and Council 


a 


PRESIDENT 


WiuuiaM L. Barr 


PAST-PRESIDENTS 
Terms expire December 


Roy V. Wricut (1936) 
i Conrap N. Laver (1937) 


} 


~~ 


| Terms expire December, 1936 


i EuGenn W. O’BrIBN 
. James H. Herron 
. Harry R. Wrstcotr 


| 


_ Terms expire December, 1936 
. James A. Haru 

_ Ernest L. OBLE 

_ James M. Topp 


Wma. Lyte DupLEY 


) Winuram L. Barr, Chairman 
James A. Hau 
James W. PARKER 


Advisory Members: 


Finance, Water RaAvtTEN- 
STRAUCH 

Meetings and Program, Ey C. 
Hurcuinson (R. I. Russ, 
Acting Chairman) 

_ Publications, S. W. DupLey 

_ Admissions, R. H. McLain 

Professional Divisions, K. 

I ConpIT 

' Local Sections, W. L. DupLEy 

Constitution and By-Laws, H. H. 

SNELLING 


I 

II 

TAL 

Local Section Groups < IV 
Vv 


vi 
VII 


* Deceased January 22, 1936. 


Water C. LINDEMANN 


A. A. Potrrr (1938) 
Pau Dory (1939) 


Rare FE. Fuanpers (1940) 


VICE-PRESIDENTS 


Terms expire December, 1937 
Aurx D. BarLpy 

Joun A. HUNTER 

Roxpert L. SAcKETT 
Wituram A. SHouDY 


MANAGERS 


Terms expire December, 1937 


Bennett M. BrigmMan 
Jines W. Haney 
ALFRED IDDLES 


Terms expire December, 1938 


James W. PARKER 


TREASURER SECRETARY 
W. D. Ennis C. E. Davies 
} Executive Committee of Council 


WituiaM A. SHoupY 
Harry R. Westcorr 


- Chairmen of the Finance, Local Sections, and 
Professional Divisions Committees 


Chairmen of Standing Committees 


Representatives on Council without vote 


Honors and Awards, H. Dinpz- 
RICHS 

Relations With Colleges, E. W. 
BuRBANK 

Education and Training for the 
Industries, C. J. FREUND 

Library, E. P. WorDEN 

Research, N. E. Funx 

Standardization, A. IppLES 

Power Test Codes, F. R. Low* 

Safety, W. M. Grarr 

Professional Conduct, E. R. Fisa 


President’s Representatives 


Harry R. Westcotr 
Wituiam A. SHoUDY 
Rosert L. SACKETT 
EuGENE W. O’BrIEN 
James H. HERRON 
Aupx D. BaILpy 
Joun A. HUNTER 


ASSISTANT SECRETARIES 


Ernest HAartTFrorD C. B. LePacs 
EDITOR 
G. A. STETSON 
Standing Committees 
FINANCE 
Waurer Rautenstraucn, Chairman and Representative on Council 
(1936) 


To be appointed (1937) K. M. Irwin (1939) 
J. J. Swan (1940) 


W. T. Conton (1938) 
: . “ W. A. SHoupy (1936) 
Council Representatives { J. A. Haut (1937) 


MEETINGS AND PROGRAM 


E. C. Hurcurinson, Chairman and Representative on Council (1936) 
H. N. Davis (1937) R. F. Gage (1939) 
CiarKr FREEMAN (1938) C. G. Strout (1940) 

Advisory Member: R. I. Rers 
Junior Adviser: D.C. Cory 


PUBLICATIONS 


S. W. Dupuey, Chairman and Representative on Council (1936) 
W. F. Ryan, Vice-Chairman (1937) G. F. Bateman (1939) 
M. H. Roserts (1938) C. B. Peck (1940) 

2 W. L. DupLEY L. 8. Marxs 
Advisory Members { A. N. Gopparp J. M. Topp 


. a sabia ee Junior Advisers (1936) 


W. L. Dupuny, A. N. Gopparp, L. S. Marks, 
J. M. Topp 
(Personnel of Special Committee, p. 8) 


Advisory Members: 


ADMISSIONS 


R. H. McLain, Chairman and Representative on Council (1936) 
C. L. Davipson (1937) F. C. SpencER (1939) 
L. R. Forp (1938) Norman LitcHFIBup (1940) 


Advisory Member: H. A. Larpner (1936) 


PROFESSIONAL DIVISIONS 


K. H. Conprt, Chairman and Representative on Council (1936) 
G. B. Peeram (1937) L. K. Stzucox (1939) 
Crossy Frevp (1938) H. B. Reynowps (1940) 


(Personnel of Professional Divisions’ Executive Committees, p. 9) 


LOCAL SECTIONS 


W. Lyte Dupuey, Chairman and Representative on Council (1936) 
J. N. Lanpts (1937) D. B. Prentice (1939) 
W. R. WootrticH (1938) A. J. Kerr (1940) 


(Personnel of Local Sections’ Executive Committees, p. 14) 


CONSTITUTION AND BY-LAWS 


H. H. Snexuine, Chairman and Representative on Council (1936) 
Ricuarp Kurzues, JR. (1937) R. D. Brizzonara (1939) 
W. H. Kavanaues (1938) G. E. Huse (1940) 

Junior Adviser: G. N. Coun (1936) 


HONORS AND AWARDS 


Herman Diepericss, Chairman and Representative on Council (1936) 

R. C. H. Heck (1937) Harte Cooke (1939) 

L. P. Aurorp (1938) W. iH. Carripr (1940) 
Junior Adviser: G. D. WitKinson, JR. (1936) 


EDUCATION AND TRAINING FOR THE INDUSTRIES 


C. J. Frrunp, Chairman and Representative on Council (1936) 
JoHN YOUNGER (1937) P. E. Buss (1939) 
J. A. Ranpaut (1938) To be appointed (1940) 


RI-5 


RI-6 


RELATIONS WITH COLLEGES 


E. W. BurBank, Chairman and Representative on Council (1936) 
V. Wrieat (1937) F. V. Larkin (1939) 
A. Haney (1938) H. O. Crort (1940) 

= cs ae ' Advisory Members (1936) 
Junior Adviser: L. F. Zsurra (1936) 


(Student Branches and Officers, p. 12) 


Tie 
W. 


LIBRARY 


E. P. Worpen, Chairman and Representative on Council (1936) 
L. K. Sinucox (1937) J. S. Kertns (1938) 
The Secretary, C. E. Davins, Ex-Officio 


RESEARCH 


Organized in 1909 to supervise all research activities of the Society, to 
cooperate with similar committees of kindred societies, to encourage 
research, and to disseminate knowledge of researches conducted 
in the United States and in other countries 


N. E. Funk, Chairman and Representative on Council (1939) 
E. G. Batiey (1936) H. A. Jonnson (1938) 
J. FE. Gunason (1937) L. W. Wawuace (1940) 


(Personnel of Special Committees, p. 20) 


STANDARDIZATION 


Organized in April, 1911, to supervise all standardization activities of 
the Society and to advise concerning the Society's participation in 
the activities of the American Standards Association 


Aurrep IppiEes, Chairman and Representative on Council (1936) 
J. E. Lovety (1937) O. A. LeutTwiterR (1939) 
Water SaMAns (1938) W. C. Mvuewier (1940) 


(Personnel of Special Committees, p. 22) 


POWER TEST CODES 


Organized December, 1918, to revise and extend the Power Test Codes 
of the Society. These codes had been formulated by various technical 
committees appointed to develop particular codes. This work 

began in 1886 


F. R. Low,* Chairman and Representative on Council 


R. H. Fernawp, Acting Chairman 
W. G. Roruscuitp, Junior Observer (1936) 


Term expires 1937 
Harte Cooke 


Term expires 1936 
A. G. CHRISTIE 


Pau. DispRENS E. R. Fisa 

E. C. Hurcuinson O. P. Hoop 

G. A. OrRoK H. B. OatTLEy 

W. M. Waiter W. J. WoHLENBERG 


Term expires 1989 


C. H. Berry 
Francis HopGKINsoNn 


Term expires 1988 


Hans DABLSTRAND 
Louis EvuioTtT 


G. A. Horne D. 8. Jacosus 
H. B. Reynoips L. F. Moopy 
E. N. Tromp E. B. Ricketts 
Term expires 1940 
A. T. Brown C, F. Hirsareip 
R. H. Fernatp F. R. Low* 


R. J. S. Precorr 


(Personnel of Technical Committees, p. 26) 


SAFETY 


Appointed in October, 1921, to extend the knowledge of accident 
prevention, to promote cooperation in this field, and to supervise 
all safety code actwities of the Society with the exception of 
those of the Boiler Code group of committees 


W. M. Grarr, Chairman and Representative on Council (1936) 
H. H. Jupson (1937) J. B. Coatmmrs (1939) 
H. L. Miner (1938) D. L. Roymr (1940) 
Junior Adviser: Cart ENpuEIN (1936) 


(Personnel of Special Committees, p 28) 
* Deceased January 22, 1936 
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PROFESSIONAL CONDUCT 


E. R. Fisu, Chairman and Representative on Council (1936) 
J. H. Herron (1937) Hueco Diemer (1939) 
E. F. Scorr (1938) B. F. Woop (1940) 


Special Technical Committees 


BOILER CODE 


F. R. Low,* Chairman V. M. Frost 
D. S. Jacosus, Vice-Chairman C. E. Gorton 
C. W. Oxsert, Honorary Secretary A. M. Greene, JR. 
M. Jurist, Acting Secretary F. B. HowEeiu 
C. A. ADAMS W. G. Humpron 
H. E. Aupricu J. O. Lnrce 
H. C. BoaRDMAN I. E. Mouttrop 
W. H. Borum C, O. Myers 
R. E. Crcr. H. B. OatLEY 
F. 8. Ciark JAMES PARTINGTON 
A. J. Evy WALTER SAMANS 
E. R. Fisx# A. C. WEIGEL 

H. LeRoy WHITNEY 

Honorary Members 
F. W. Dean C. L. Huston 
W. F. Duranp W. F. Kisseu 
T. E. DurBan M. F. Moors 


H. H. VauGHAan 


Conference Committee to the Botler Code Committee 


F. A. Hecki1ncer, Memphis, Tenn. 

J. M. Lyncu, Erie, Pa. 

C. E. McGinnis, Los Angeles, 
Calif. 

H. H. Mruts, Detroit, Mich. 

A. C. Mircwetu, Scranton, Pa. 

C. O. Myers, Ohio 

J. D. Newcoms, Jr., Arkansas 

W. L. Newton, Oklahoma 

Danrev O’Connor, Michigan 

F. A. Pacs, California 

G. 8. Parrerson, Houston, Tex. 

M. A. Epear, Wisconsin L. C. Prat, Nashville, Tenn. 

M. J. Fuyzix, Washington J. J. Ryan, Kansas City, Mo. 

C. W. Foster, Omaha, Nebraska E. K. Sawyrr, Maine 

A 

dj 


T. R. Arcuer, Delaware 

L. M. BARRINGER, Seattle, Wash. 

A. J. BEAUREGARD, Rhode Island 

Wo. Betz, Jr., Philadelphia, Pa. 

H. D. Bomsecx, St. Joseph, Mo. 

B. M. Boox, Pennsylvania 

J. C. Bryan, St. Louis, Mo. 

T. C. Cannon, Tulsa, Okla. 

A. L. Dawnrets, Parkersburg, 
W. Va. 

JamMEs Donouugp, Indiana 

L. F. Dues, Maryland 


W. H. Furman, New York . H. ScuitemMan, Tampa, Florida 

GerRALD Graron, Chicago, IIl. . F. Scorr, New Jersey 

E. M. Goopman, Evanston, IIl. W. E. Suurpine, Jr., N. Carolina 

C. H. Gram, Oregon C. I. Smiru, Utah 

P. M. GREENLAW, Wo. E. Soir, Hawaiian Islands 
Columbia GrorGE WILCox, Minnesota 


District of 


EXxEcuTIVvVE COMMITTEE 


D. S. Jacozsus, Chairman V. M. Frost 
H. E. Aupricu C. E. Gorton 
W. H. Borum F. R. Low* 
E. R. Fisx C. W. OBERT 
JAMES PARTINGTON 
SUBCOMMITTEE ON Borers OF LOCOMOTIVES 

James Partineton, Chairman J. M. Hatu 
F. H. Cuark H. B. OatTLey 


SuBCOMMITTER ON CARE oF STEAM BOILERS AND OTHER PRESSURE 
VESSELS IN SERVICE 


F. M. Gisson, Chairman W. H. Larkin, JR. 


V. M. Frost S. T. PowEuu 

J. R. Grin C. W. Rice 

J. A. HUNTER H. F. Scorr 

H. J. Kerr NicHoLas STAHL 


F. G. STRAUB 


SUBCOMMITTEE ON FnrRRous MATERIALS 


H. LeRoy Wuitney, Chairman J. J. KANTER 
A. J. Evy H. J. Kerr 

H. J. Frencu A. B. Kinzeu 
H. W. GIu.tettTs A. E. WHITE 


A. M. GREENE, JR. 


SOCIETY RECORDS 


SUBCOMMITTEE ON Hating BorLyrs 


B. Howxuu, Chairman C. E. Gorton 

. H. Boru F. W. HERENDEEN 
E. Bronson W. E. Stark 

A. Darts J. W. TURNER 


SUBCOMMITTEE ON MATERIAL SPECIFICATIONS 


Members of A.S.M.E. Boiler Code Committee 
P. R. Cassipy, Charrman J. O. Lnncu 


P. J. Smita 


Members of Conference Committee of American Society for 
Testing Materials 


C. L. Warwick, Chairman 
C. F. W. Ryrs 


E. J. Epwarps 


Members of Conference Committee of Association of American 
Steel Manufacturers, Technical Committees 


J. O. Lexncu, Chairman E. F. KENNEY 
A. D. PrAcE 


SUBCOMMITTEE ON MINIATURE BOILERS 


C. E. Gorton, Chairman W. H. FurMAN 
James Partineton, Vice-Chairman G. A. Luck 

E. R. Fisu C. O. Myprs 

C. W. OBERT 
SUBCOMMITTER ON Non-FnRRovUS MATERIALS 

H. B. Oatuiey, Chairman F. P. Huston 
J. J. AULL H. C. JENNISON 
D. K. Crampton E. F. Mrvupr 


A. M. Houser JOSEPH PRICE 


SUBCOMMITTEE ON RULES FOR INSPECTION 


J. A. Couuins, Chairman WILLIAM FERGUSON 
S. H. BarnuM C. E. Gorton 
L. E. ConNELLY F. W. HpRENDEEN 
JAMES PARTINGTON 

SUBCOMMITTEE ON SPECIAL DESIGN 
D. B. Wesstrom, Chairman D. B. RossHEIM 
W. L. BowLerR W.H. Rowanp 
R. EB. Cucin E. O. WATERS 
H. E. RockersuLEeR F. S. G. WittiamMs 


SUBCOMMITTER ON UNFIRED PRESSURE VESSELS 


E. R. Fisu, Chairman R. B. Cre. 
C. A. ADAMS PauL DISERENS 
W. H. Borum A. W. Limont, JR. 


C. E. Bronson H. S. Smite 


D. B. WrEsstTROM 


SUBCOMMITTEE ON WELDING 


Members of A.S.M.E. Boiler Code Committee 
James PARTINGTON, Chairman J. H. DeprELerR 


C, A. Apams E. R. Fisa 
A. M. Canny R. K. Hopxins 
R. E, Crcru T. McLEan JASPER 


L. A. SHELDON 


Members of Conference Committee of American Welding Sociely 


C. W. Oxnert, Chairman J. W. OwEns 

J. J. CRowE A. Kipp 

E. H. Ewertz H. E. RocknFreLLER 
F. C. Fyxe L. H. Router 


API-ASME COMMITTEE ON UNFIRED PRESSURE VESSELS 


- A.S.M.E. Representatives 


D. 8. Jacosus 
T. McLean JASPER 


R. E. Crcin 
E. R. Fise 
JAMES PARTINGTON 


A.P.I. Representatives 


Water SAMans, Chairman K. V. Kine 
A. J. Buy (P. D. McEtrisu, Alternate) 
R. C. PowsiL T. D. Tirrt 


RI-7 
SHAFT COUPLINGS 
Appointed in December, 1928 
A.S.M.E. Members (Total personnel, 6) 
D. J. McCormack, Chairman H. G. Reist 


R. E. B. SHARP 


DEVELOPMENT OF APPLICATIONS OF STATISTICS IN 
ENGINEERING AND MANUFACTURING 


Joint sponsorship with the American Society for Testing Materials. 
Appointed in December, 1929 
A.S.M.E. Members (Total personnel, 4) 
W. H. Futweiter {L. K. Sinicox 


STANDARD HEIGHT FOR LOADING PLATFORMS AT 
FREIGHT TERMINALS AND WAREHOUSES 


Joint sponsorship with the Society of Terminal Engineers. 
Appointed in December, 1931 
A.S.M.E. Member (Total personnel, 13) 
tC. B. Crockxnrr 


Special Council Committees 


ADVISORY BOARD ON PROFESSIONAL STATUS 


J. H. Herron, Chairman 

B. F. Woop, Professional Conduct 

To be appointed, Registration 

R. H. McLatn, Admissions 

C. F. Hirsurexp, Engineers’ Council for Professional Development 


ADVISORY BOARD ON STANDARDS AND CODES 
Aupx D. Baitey, Chairman 


V. M. Frost, Boiler Code 

W. M. Grarr, Safety 

Francis HopGKrinson, Power Test Codes 
O. A. Leurwiter, Standardization 


ADVISORY BOARD ON TECHNOLOGY 


ALFRED [ppLES, Chairman 


L. W. Wauuacez, Research 

K. H. Connir, Professional Divisions 
S. W. Dupuey, Publications 

R. I. Rees, Meetings and Program 


BOARD OF REVIEW (DELINQUENT MEMBERS) 


A. D. Buaker, Chairman J. P. Nerr S. D. Sprone 


TRUSTEES FOR CERTIFICATES OF INDEBTEDNESS 


W. D. Ennis ERIK OBERG R. V. WricHt 


CITIZENSHIP (MANUAL ON) 


J. W. Row 
W. H. WINTERROWD 


A. R. Cuturmore, Chairman 
Linitian M. GIuBRerH 
R. V. Wricur 


ECONOMIC STATUS OF THE ENGINEER 


H. L. WHITTEMORE 

W. E. WicKENDEN 

E. W. BurBANK . : 
W. L. Dupiny \ Ein-Officio 


GC. F. HirsH¥rewp, Chairman 
D. 8. KimBaLb 

C. N. LAvER 

H. B. OatTiLey 


EMPLOYMENT (MEMBER RELATIONS) 


CrosBy FIELD J. N. LAnpIs W. A. SHouDY 


ENGINEERING HISTORY 


G. A. OrroK J. W. Ron 


} Official A.S.M.E. representative serving on this committee. 


RI-8 


FREEMAN SCHOLARSHIP 


Cxaruzs T. Matn, Chairman 
E. C. HutcuHinson 


CLARKE FREEMAN 


JOINT ACTIVITIES 


R. E. FLANDERS W. C. LinprEmMann J. W. PARKER 


JUNIOR PARTICIPATION 


A. A. PorrER 
W. H. WintTreRROwD 


D. B. Prenticy, Chairman 
W. A. Hantey 


MANUAL OF PRACTICE 


B. F. Woop, Chairman J. M. Topp 
ALFRED [DDLES M. X. WILBERDING 
Wynn MEREDITH E. R. Fisu, Hx-Officio 


THEODORE BAuMEISTER, JR., Acting Secretary 
Junior Adviser, Pointe WERNER 


POLICIES AND BUDGET 


H. R. Westcort, Chairman J. H. LAWRENCE 

L. P. ALrorp R. G. Macy 

B. M. BriaMan A. L. MarLtuarp 

H. M. Burke M. C. MaxweE.u 
W. H. CarrigR Ertk OBERG 
ALFRED IDDLES J. W. PARKER 

A. C, Jpwntt L. K. Srtucox 

J. N. Lanpis W. H. WintrRRowD 


PUBLIC AFFAIRS 


R. V. Wrieut, Chairman 
L. P. AnrorD 
Paut Doty 


R. E. FLANDERS 
A. A. PorrEeR 

J. W. Ror 

D. Rosert YARNALL 


REGISTRATION 
J. H. Herron, Chairman J. A. McPHERSON 
B, M. BrigMan V. M. PALMER 
J. A. HUNTER R. J. Reep 
W. K. Simpson 
CALVIN W. RICE MEMORIAL 

H. N. Davis, Chairman C. N. Laver 
J. D. CUNNINGHAM E. W. O’ Brinn 
W. F. Duranp J. W. ParKER 
C. E. Futuer R. L. Sackett 

SPIRIT OF ST. LOUIS MEDAL BOARD OF AWARD 

(Dates in parentheses denote expiration of terms) 

V. J. AzBr, Chairman (1943) W. B. Mayo (1937) 
J. H. Doourrrin, Secretary (1940) OrvitLe Wricut (1940) 
H. I. Conn (1937) C. B. Minurcan (1943) 


GEORGE WESTINGHOUSE BUST 


AMBROSE Swasky, Honorary Chairman K. T. Compton 
D. S. KimBatu, Chairman S. W. DupLey 
L. B. StTinuwew, Vice-Chairman C. N. Laver 
C. BE. Daviss, Secretary L. A. OsBoRNE 
C. F. Scorr 
GEORGE WESTINGHOUSE MEMORIAL 
(Ninetieth Birthday in 1936) 
A.S.M.B. REPRESENTATIVES 
R. V. Wricut, Chairman J. H. McGraw 
S. W. Duprey C. F. Scorr 
R. I. Reus, Ex-Officio 
WESTINGHOUSE COMFANIDS REPRESENTATIVES 
S. W. Dup.Lry C. F. Scorr 
W. G. MarsHALu J. B. Wricut 
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Special Administrative Committee 
REGULAR NOMINATING COMMITTEE (FOR 1936) 


GROUP 


I Epwarps R. Fisu, Hartford, Conn. 
Cuarues M. Auuen, Worcester, Mass., /st Alternate 
G. E. Huusz, New Haven, Conn., 2nd Alternate 
II J. N. Lanpis, Brooklyn, N. Y. 
W. E. Caupwe tu, New York, N. Y., 1st Alternate 
F. M. Gipson, Brooklyn, N. Y., 2nd Alternate 
III 4H. Diepericus, Ithaca, N. Y., Chairman 
V. M. Pautmer, Rochester, N. Y., 1st Alternate 
F. M. Ferxer, Washington, D. C., 2nd Alternate 
IV R. P. Kos, University, Ala. 
B. E. SHort, Austin, Tex., Alternate 
VF. W. Marauis, Columbus, Ohio 
Grorce W. Bacu, Erie, Pa., 1st Alternate 
L. E. Jermy, Cleveland, Ohio, 2nd Alternate 
VI Frep H. Dorner, Milwaukee, Wis., Secretary 
R. M. Boyuzs, St. Louis, Mo., Alternate 
VII W. J. Corn, Salt Lake City, Utah 


LOCAL SECTIONS IN NOMINATING COMMITTEE GROUPS 


GROUP I 
Boston New Haven 
BRIDGEPORT NorwicH 
Green Mountain PROVIDENCE 
HARTFORD WATERBURY 
MERIDEN WeEsTERN MASSACHUSETTS 
New Britain WORCESTER 
GROUP II 


Merropouitan (N. Y.) AND ForrEIGN MEMBERS 


GROUP IT 
ANTHRACITE-LEHIGH VALLEY ScHENECTADY 
BALTIMORE SUSQUEHANNA 
CENTRAL PENNSYLVANIA SYRACUSE 
PHILADELPHIA Utica 
PLAINFIELD WasHINGTON, D. C. 
RocHESTER 
GROUP IV 
ATLANTA KNOXVILLE 
BIRMINGHAM MempuHis 
CHARLOTTE New ORLEANS 
CHATTANOOGA Norts Trexas 
FLorIpa RALEIGH 
GREENVILLE SAVANNAH 
Houston ‘VIRGINIA 
GROUP V 
AKRON-CANTON INDIANAPOLIS 
BuFFALO LOovISVILLE 
CINCINNATI ONTARIO 
CLEVELAND PENINSULA 
CoLuMBusS PITTSBURGH 
Dayton ToLEDO 
DETROIT West VIRGINIA 
ERIz YOUNGSTOWN 
GROUP VI 
CHICAGO NEBRASKA 
Kansas City Rock River VALLEY 
Mip-ConTINENT St. JosepH VALLEY 
MILWAUKEE Sr. Louis 
MINNESOTA Tri-Cities 
GROUP VII 
CoLoRADO San FRANCISCO 


INLAND EMPIRE 
Los ANGELES 
OREGON 


UTaH 
WESTERN WASHINGTON 


Special Publications Committee 
BIOGRAPHY ADVISORY COMMITTEE 


R. V. Wricut, Chairman F. R. Low* 
L. P. Atrorp G. A. OrRoK 
R. E. FLANDERS J. W. Ror 


W. H. WintTERROWD 
* Deceased January 22, 1936. 
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SOCIETY RECORD 


Professional Divisions 


(Personnel of Standing Committee, page 5) 


Aeronautic Division 
Organized, 1920 


EXECUTIVE COMMITTEE 


BE. A. Spprry, Chairman 
) ALEXANDER Kuemin, /st Vice-Chairman 
JEROME LepeERER, Secretary 


J. H. DoouiTTLE 
R. M. Mock 
B. M. Woops 


COMMITTEE ON INDUSTRIAL AERODYNAMICS 


W. G. Grove 
O. E. Hovpy 
A. L. KIMBALL 
R. J. S. Praorr 
L. K. Srnucox 


ALEXANDER KLEmIn, Secretary 
OuivpR ALLEN 

W. H. Carrizr 

H. E. Davison 

H. P. FreaRr 


REPRESENTATIVES ON OTHER ACTIVITIES 


Aircraft Safety and Inspection, JERoMp LEDERER 
Marking of Obstructions to Air Navigation, J. E. Wa1rBreck 
Spirit of St. Louis Medal Board of Award, V. J. AzBE 
Daniel Guggenheim Medal Fund, E. E. ALpRIN 


Applied Mechanics Division 


Organized, 1927 


EXECUTIVE COMMITTEE 


Waters, Chairman 
SopERBERG, Secretary 
J. C. HunsakER 


E. O. J. P. Dan Hartoe 
Cc. R. Ruren EKsSERGIAN 
Associates 
A. L. KimpBau G. B. Preram 


JOURNAL OF APPLIED MECHANICS 
‘ J. M. Lussewus, Technical Editor 


SUBCOMMITTEE CHAIRMEN 


Applied Physics (A.I.P.), G. B. Pregram 
Elasticity, StppHEN TIMOSHENKO 
Hydromechanics, THEODOR von KArmMAn 
Institute Aeronautical Sciences, J. P. Den Hartoe 
Materials, R. E. Peterson 
Plasticity, A. NADAI 
Thermodynamics, J. A. Gorr 
Vibration, F. M. Lewis 


Fuels Division 
Organized, 1920 
EXECUTIVE COMMITTEE 


K. M. Irwin, Chairman H. O. Crorr 

W. G. Curisty, Secretary M. D. Eneie 

L. C. Boster T. A. Marsa 
Associates 

A. D. Buakp A. C. STERN 


R. A. SHERMAN F. M. Van DrEvENTER 


SUBCOMMITTEE ON PROGRAMS, MEETINGS, AND AIMS 
M. D. Enetus, Chairman 


SUBCOMMITTEE ON FUELS ENGINEERING PROGRESS 
REPORT 


K. M. Irwin, Chairman 


SUBCOMMITTEE ON CINDERS AND FLYASH 


A. C. Stern, Chairman 
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COMMITTEE ON SAMPLING PULVERIZED FUEL IN A 
MOVING GAS STREAM 


(Research Committee; see page 22) 


K. M. Irwin, Chairman and Representative of Fuels Division 


COMMITTEE ON REMOVAL OF ASH AS MOLTEN SLAG 
FROM POWDERED-COAL FURNACES 


(Research Committee; see page 21) 


K. M. Irwin, Chairman and Representative of Fuels Division 


PURE AIR COMMITTEE 
Organized, 1932 


E. C. Hurcuinson, Chairman M. D. ENGLE 
E. H. Wurrtock, Secretary O. P. Hoop 
J. W. ARMouR W. F. Keenan 


Representatives 


Puitiep Drinker, American Society of Heating and Ventilating 
Engineers (H. C. Murpuy, Alternate) 
K. M. Irwin, A.S.M.E. Fuels Division 
H. B. Meuumr, Mellon Institute of Industrial Research 
E. B. Ricxerrs, Edison Electric Institute 


Graphic Arts Division 
Formerly Printing Industries Division. Organized, 1922 


EXECUTIVE COMMITTEE 


Epwarp P. Hutsn, Chairman 
T. E. Dauron, Secretary 
Epwarp EPpstrAN 


J. M. FarrReuu 
R. G. Macponaup 
Burt D. Stevens 


Associates 


V. WINFIELD CHALLENGER 
SUMMERFIELD Eney, Jr. 
F. M. Fuynn 

Harry L. Gacn 

A. E. Grzcencack 

Wo. C. Guass 


Harry GROESBECK, JR. 
We tts F. Harvey 

W. C. Hursner 

T. R. Jonss 

HabDAr ORTMAN 

JOHN CLYDE OSWALD 
H. M. TivuincHasr 


CHAIRMEN OF DIVISIONAL COMMITTEES 


International Organization, ARTHUR C. JEWETT 
Meetings and Programs, A. EB. GimeEnGack 
Paper and Pulp, W. R. Mauiu 
Price Engineering, W. L. CourcHILu 
Progress Report, W. S. Huson 
Research Coordination, G. H. CarTER 


The Division sponsors the Conference of the Technical Experts 
in the Printing Industry, a forum for the discussion of the mechani- 
eal and process problems of the entire graphic arts field; also the 
Graphic Arts Research Bureau, formed to act as a clearing house for 
graphic arts research and for the collection, correlation, and distribu- 
tion of research information pertaining to the industry and for the 
sponsorship of research work. 


Hydraulic Division 
Organized, 1926 
EXECUTIVE COMMITTEE 


S. Logan Kurr, Chairman 
F. G. Swirznr, Secretary 
Paut DIsERENS 


C. F. MprriaM 
Forrest NAGLaR 
B. R. Van Laer 


COMMITTEE ON COOPERATION WITH A.S.C.E. POWER 
DIVISION 


C. M. AtuEn, Chairman F. G. Swirzpr, Secretary 


T. R. Tarn 


MEETINGS AND PAPERS COMMITTEE 


G. K. Pauserove, Chairman R. W. AnGus 
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Hydraulic Division (continue da) 
COMMITTEE ON WATER HAMMER 


Honorary Member, Lorenzo Auuirvi, Rome, Italy 


L. F. Moopy 
R. 8S. Quick 
E. B. StRowGER 


S. Logan Kmrr, Chairman 
Evcener Hatmos (A.S.C.E.) 
N. R. Gipson 
COMMITTEE ON TRANSLATIONS AND TERMINOLOGY 
B. R. Van Lenr, Chairman 


Tron and Steel Division 
Organized, 1927 
EXECUTIVE COMMITTEE 


S. M. WecksTeEIn, Chairman 
Morzis Stonz, Secretary 
S. M. MarsHatu 


Witus McKEr 
W. R. WEBSTER 
T. H. WickKENDEN 


Associates 
F, C. Bieeerrt, Jr. A. G. McKrn 
A. J. Boynton C. 8. Ropinson 
F. F. Foss J. H. RomMann 
J. H. Hrrescock W. TRINKS G. T. SNYDER 


Machine Shop Practice Division 
Organized, 1921 


EXECUTIVE COMMITTEE 


R. E. W. Harrison, Chairman E. R. Norris 
G. F. NorpDENHOLT, Secretary B. G. Tane 
A. M. JoHNSON CARLOS DE ZAFRA 


SUBCOMMITTEE ON FOUNDRY PRACTICE 


James THomson, Chairman R. E. Kennepy, Secretary 


SUBCOMMITTEE ON MACHINE DESIGN 


J. A. Hauy, Chairman FREDERICK FRANZ 
J. B. ARMITAGE G. B. Kare.itz 
G. H. ASHMAN G. F. NorpENHOLT 


G. F. CosGrovE ALBERT PALMER 


SUBCOMMITTEE ON LUBRICATION ENGINEERING 


G. B. Kare.itz 
C. M. Larson 


W. F. Parisu, Chairman 
C. H. BRoMLEY 
H. J. Masson 


SUBCOMMITTEE ON CUTTING METALS 
(Research Committee; see page 20) 
CoLEMAN SELLERS, 38RD, Chairman and Representative of Machine 
Shop Practice Division 
SUBCOMMITTEE ON WELDING 


EVERETT CHAPMAN, Chairman 


Management Division 
Organized, 1920 
EXECUTIVE COMMITTEE 


G. W. Ketsey, Chairman C. I. Day 
WALTER RAUTENSTRAUCH, Vice-Chairman L. C. Morrow 
W. H. Kusunick, Secretary R. I. Ress 
J. A. PIaAcITELLI 
GENERAL ADVISORY BOARD 

F. B, Breu J. W. Hiaeins 
E. P. BuLuarp G. N. Jeppson 
Norman Eusas W. G. Kranz 
E. W. Farry G. H. Matcoum 
EK. V. Frence# A. W. Morton 
W. D. FuLier J. F. Porter 
Ler GALLOWAY J. C. Wrison 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


FUNCTIONAL ADVISORY BOARD 


Accounting, Costs, and Budget- 
ary Control, H. R. Matuory 

Economies, E. Ditton Smite 

Education and Training, R. L. 
SACKETT 

Finance, H. Wm. GupMENS 

Fire Protection, J. B. FInNrEGAN 

Human Relations, Eturorr Dun- 
LAP SMITH 

Job Shop, A. J. GRAF 

Management Research, F. E. 
RAYMOND 

Marketing Research, G. W. 
KELSEY 

Plant Equipment and Layout, 
J. R. Supa 


Plant Maintenance, Jay A. 
JACOBS 
Product Design, CHARLES §. 
HAZARD 


Product Research, U. A. Wurra- 
KER 

Production Control, J. T. Mc- 
QUEENEY 

Purchasing, CARLETON REYNELL 

Quality Control, M. F. Skinkrer 

Safety, H. H. Jupson 

Selling, Watpo McC. McKzx 

Time and Motion Study, D. B. 
PORTER 

Wages and Incentives, C. W. 
LYTLE 


LOCAL SECTION REPRESENTATIVES 


Chicago, ADoLPH LANGSNER 
Detroit, W. W. NicHois 
New York, A. F. Ernst 
Pittsburgh, J. Roy TANNER 
Providence, J. G. ALDRICH 


NATIONAL MANAGEMENT COUNCIL 
(See page 30) 


Materials Handling Division 
Organized, 1920 


EXECUTIVE COMMITTEE 


N. W. Evmer, Chairman J. A. JACKSON 
F. J. SHeparp, Jr., Secretary F. E. Moore 
G. E. HaceMann R. B. RENNER 
Associates 
F. D. CAMPBELL F. J. SHEPARD, JR. 
R. H. McLain E. D. Smita 
J. B. WEBB 


National Defense Division 
Organized, 1920 


EXECUTIVE COMMITTEE 


H. I. Conn, Chairman 
W. C. DickmRMAN 


J. L. WALsH 


RaupH EARLE 
T. A. Morgan 


Oil and Gas Power Division 
Organized, 1921 


EXECUTIVE COMMITTEE 


Ler SCHNEITTER, Chairman 
M. J. Ruxp, Secretary 
E. J. Karss 


Rate MILLER 
L. H. Morrison 
Ernest NIBBs 


Associates 


CaruL Bron 
HartTE Cooky 
L. R. Forp 


L. M. GoipsmMitH 
F. G. Hecauer 
H. C. Mason 


SUBCOMMITTEE ON 1935 OIL ENGINE POWER COST 
REPORT 


H. C. Masor, Chairman 
M. J. Rexp, Secretary 
L. R. Forp 

W. G. G. Gopron 

K. M. Irwin 

E. J. Kates 

H. C. Lenrest 


Howarp McCurpy 
A. B. Morcan 

L. H. Morrison 
H. A. Person 

Len SCHNEITTER 

P. H. Schweitzer 
H. C. THurerkK 


C. A. TRIMMER 


ts AB 
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Petroleum Division 


Organized, 1925 


EXECUTIVE COMMITTEE 


W. H. Carson, Chairman F. H. EBeRLE 

Haroutp Apxison, Midwestern Secretary W. G. Heutze. 

H. J. Masson, Secretary T. D. Tirrr 
Associates 

E. H. Bartow H. F. BrrnpEeu H. P. Porter 


SUBCOMMITTEE ON PRODUCTION 


W. H. Carson, Chairman R. R. Hawkins 
R. M. Carr H. Decknr 
H. W. Man.iey J. R. JoHNSTON 


SUBCOMMITTEE ON OIL TRANSPORTATION 


W. G. Heutze, Chairman H. M. Stevenson 
A. N. Horne F. A. Stivers 

H. N. Hunter F. E. WARTERFIELD 
B. P. SrpoLp Oscar WOLFE 


SUBCOMMITTEE ON GAS TRANSPORTATION 
R. W. Henven, Chairman 


SUBCOMMITTEE ON PETROLEUM REFINING 
T. D. Trrrt, Chairman 


SUBCOMMITTEE ON LUBRICATION ENGINEERING 
(Machine Shop Practice Division; see preceding page) 


H. J, Masson, Representative of Petroleum Division 


SURVEY COMMITTEES ON PETROLEUM PROBLEMS 


(Now at work or in the process of formation in the Mid-Continent 
Section) 
Unfired Pressure Vessels 
Diesel Engine Driven Reciprocating Pumping Stations 
Uniform Code of Economic Analysis of Different Types of Oil Pipe 
Line Pumping Stations 


Power Division 


Organized, 1920 


EXECUTIVE COMMITTEE 


W. E. CaupweEtu, Chairman J. M. BRENTLINGER 
E. H. Barry, Secretary A. E. GRuNERT 
W. A. CARTER J. C. Hopss 


Process Industries Division 


Organized, 1934 


EXECUTIVE COMMITTEE 


C. E. oe 
H. D. Munson 
J. H. SENGSTAKEN 


Vicror Wicuum, Chairman 
W. K. McArnz, Vice-Chairman 
T. R. Ourve, Secretary 


SUBCOMMITTEE CHAIRMEN 


Air Conditioning, ARNOLD WBISSELBERG 
Brewing, C. F. Kayan 
Ceramics, W. K. McArrr 
Cottonseed Processing, W. R. Woo.ricH 
Drying, C. W. THomas 
Food Processing, G. L. MontGoMERY 
Pulp and Paper, H. D. Fisuer 
Sanitation, Wintiam RaiscH 
Sugar, F. M. Grsson 
Unit Operation Costs, H. J. Masson 
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HEAT TRANSFER COMMITTEE 
J. H. SENGSTAKEN, Chairman F. H. EBerue 
R. E. Brrow H. C. Horrrn.u 
T. H. Cartton C. E. Luckn 


M.S. Van Dusen 


Railroad Division 


Organized, 1920 


EXECUTIVE COMMITTEE 


G. W. Rink, Chairman 
W. H. WInTRRROWD, Ist Vice-Chairman 
C. T. Riptey, 2nd Vice-Chairman 
E. C. Scumint, 3rd Vice-Chairman 
L. H. Fry, 4th Vice-Chairman 
M. B. Ricuarpson, Secretary 


GENERAL COMMITTEE (RR2) 


G. W. Ring, Chairman W. H. Cunee (1938) 

A. I. Liprtz (1936) G. A. Youne (1938) 
ApoLF GinsL-GIESLINGEN (1936) Harvey Bottwoop (1939) 
Exrot SUMNER (1936) F. E. Russsexy (1939) 

T. C. McBrips (1937) R. W. SarisBury (1939) 
P. C. Moraes (1937) O. C. CromwE Lu (1940) 
K. F. Nystrom (1937) J. R. Jackson (1940) 

W. G. Bruack (1938) W. E. DunHam (1940) 


PAST-CHAIRMEN (RR3) 


EH. B. Karrn* (1920-1922) A. F. Stnusine (1930) 
JAMES PARTING TON (1923-1924) Exiot SuMNER (1931) 
C, E. CHAMBERS (1925) T. C. McBring (1932) 
H. B. Oatuny (1926-1927) L. K. Siticox (1933) 

Wo. Exmer (1928) C. B. Prck (1934) 

R. S. McConnett (1929) C. E. Bara (1935) 


CHICAGO GROUP (RR4) 


W. O. Moopy, Chairman 
E. L. Woopwarp, Secretary 
WaLTER DUNHAM 


PrTpR PARKB 
C. T. Rietey 
W. H. WinTERROWD 


COMMITTEE ON MEETINGS AND PAPERS (RR5) 


F. E. RusseLu 
R. W. SavisBury 


W. 4H. WInTERROWD, Chairman 
A. I. Liprrz 
L. K. Sintcox 


COMMITTEE ON SURVEY (RR6) 


A. Gipst-GInsLINGEN, Chairman (Locomotive and Foreign Develop- 
ments) 
W. H. Cuuee (Canadian and Automotive Equipment) 
K. F. Nystrom (Cars) 


COMMITTEE ON TECHNICAL CONTACTS (RR7) 


E. C. Scumipt, Chairman 
O. C. CROMWELL 


F. G. GrimsHAaw 
J. R. JAcKson 
C. T. Rirtny 


COMMITTEE ON PROFESSIONAL SERVICE (RR8) 


H. B. Oatiey, Chairman (Professional Survey) 


L. K. Stztcox (Membership) 
S. W. DupLEy E. G. Youne 
M. B. RicHarpsOoNn G. A. Youne 


COMMITTEE ON RESEARCH (RR9) 


DH ERY, 
C. B. Pack 
L. W. WaLLACE 


A. F, STpnuBING, Chairman 
W. G. DickrERMAN 
WILLIAM ELMER 
W. H. WInTERROWD 


* Deceased. 
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Textile Division 
Organized, 1921 


EXECUTIVE COMMITTEE 


C. H. Ramsey, Chairman 
M. A. Gourick, Jr., Secretary ° 
A. W. BrnoitT 
Associates 
H. M. Burke 
W. L. Conran 
R. DeVereE Hops 


(Personnel of Standing Committee on Relations With Colleges, page 6. 
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Wood Industries Division 
Organized, 1921 
EXECUTIVE COMMITTEE 


WenpeLL Brown 4H. B. Carpenter, Chairman A. W. KEurre. 
H. D. Learnep L. M. Nicuotus, Secretary R. H. McCarray 
ALBERT PALMER G. R. Perris 
Associates 
J. J. McEnroy C. L. Bascock A. 8S. KurkJIaAn P. T. Norton, Jr. 
Paut MERRIAM Pf, #. BILHUBER SnaN i ADeuN Te De Poa 
Harte STALL F. P. CartTwricut J. H. Mansririp A. D. Sirs, Jr. 


J.S. Maraewson 


SAWS AND KNIVES COMMITTEE 


C. L. Bascock, Chairman G. E. Frencu, Secretary 


Student Branches 


Communicate with Student Branch through Honorary Chairman) 


Year 

Name and Location Authorized Chairman Secretary Honorary Chairman 
Akron, Univ. of, Akron, Ohio 1924 A. G. WALKER G. H. Orr F. 8S. Grirrin 
Alabama, Polytechnic Inst., Auburn, Ala. 1920 R. W. STEELE R. T. Dope C. R. Hrxon 
Alabama, Univ. of, University, Ala. 1931 K. R. Dantei R. R. Fayurs J. M. GALLALER 
Arkansas, Univ. of, Fayetteville, Ark. 1910 W. J. JamEs R. B. Mrrcae.u A. G. Hoitmss, Jr. 
Armour Inst. of Technology, Chicago, IIl. 1909 A. M. Lang W. G. RunpELL DaniaL Rorsce 
Brooklyn, Polytechnic Inst. of, Brooklyn, N. Y. 

(Day) 1909 F. D. Mosumr H. C. Scanton J. A. LAMBERTINE 
Brooklyn, Polytechnic Inst. of, Brooklyn, N. Y. 

(Evening) H. G. Buckuery, Jr. J. C. Huiskine J. A. LAMBERTINE 
Brown Univ., Providence, R. I. 1923 I. W. Lovet R. W. Pearce J. A. Hann 
Bucknell Univ., Lewisburg, Pa. 1916 C. F. Korrcamp E. K. Domursky F. E. Burpee 
California Inst. of Technology, Pasadena, Calif. 1914 E, M. Grrzman M. E. Doverass W. H. Cuarpe 
California, Univ. of, Berkeley, Calif. 1912 Victor SkoauunD F. W. Woopwarp B. F. Raser 
Carnegie Inst. of Technology, Pittsburgh, Pa. 1913 W. F. ArpLeGaTEe E. F. Cutuen Ey 


Case School of Applied Science, Cleveland, Ohio 

Catholic Univ. of America, Washington, D. C. 

Cincinnati, Univ. of, Cincinnati, Ohio 

Clarkson College of Technology, Potsdam, N. Y. 

Clemson Agricultural College, Clemson College, 
8. C. 

Colorado State College of Agricultural & Me- 
chanical Arts, Fort Collins, Colo. 

Colorado, Univ. of, Boulder, Colo. 

Columbia Univ., New York, N. Y. 

Cooper Union, New York, N. Y. 

Cornell Univ., Ithaca, N. Y. 

Delaware, Univ. of, Newark, Del. 

Detroit, Univ. of, Detroit, Mich. 

Drexel Inst., Philadelphia, Pa.? 

Duke Univ., Durham, N. C. 

Florida, Univ. of, Gainesville, Fla. 

George Washington Univ., Washington, D. C. 

Georgia School of Technology, Atlanta, Ga. 

Idaho, Univ. of, Moscow, Idaho 

Illinois, Univ. of, Urbana, Ill. 

Iowa State College, Ames, Iowa 

Iowa, State Univ. of, lowa City, Iowa 

Johns Hopkins Univ., Baltimore, Md. 

Kansas State College, Manhattan, Kan. 

Kansas, Univ. of, Lawrence, Kan. 

Kentucky, Univ. of, Lexington, Ky. 

Lafayette College, Easton, Pa. 

Lehigh Univ., Bethlehem, Pa. 

Lewis Inst., Chicago, Ill. 

Louisiana State Univ., Baton Rouge, La. 

Louisville, Univ. of, Louisville, Ky. 

Lowell Textile Inst., Lowell, Mass. 

Maine, Univ. of, Orono, Maine 

Marquette Univ., Milwaukee, Wis. 

Massachusetts Inst. of Technology, Cambridge, 
Mass. 


1 Corresponding Secretary, DARREL Harris. 
2 Recording Secretary, P. T. BARont. 
3 Corresponding Secretary, F. C. Pater. 


1913 
1922 
1909 
1930 


1921 


1914 
1914 


R. H. Baker 
WILLIAM KERNAN 
J. 8S. ScHAEFER 
L. V. Hurcsins 


S. T. Kine 


AtviIn WELTON 
Rosert Burt 


H. T. Monson 
Sam Carrocio 
L. A. Moors 

S. J. Tompkins 


J. F. FLetcHer 


Rosert MarsH 
CHARLES GRACE 


. DosBins 


1909 WiuxuiaM TxEssin CarL JENSEN . KARELITZ 
1920 Max Yxrsowi1tTz Morris WELLING . ROEMMELE 
1908 Davip AMsLER JAMES HIRSHFELD . ELLENWOOD 


MUWOOP PRP RMOMDW WRU ME MOON HB NORB@S 


1929 Jos. Sruart, IIT J. W. WELLS E Bromsune 
1930 D. F. Kramer R. F. WALKER . E. Mayrose 
1920 J. A. Smita J. T. BARRON Mire BILLINGS 
19385 J. A. Trainer, JR. W. W. Turner, Jr. . S. WILBUR 

1926 H. H. Epwarps G. E. Rempe . R. Van LEER 
1924 C. O. Horrman C. J. MixuszEwsx1i . C. CRUICKSHANKS 
1915 L. D. Montacur J. K. RANKIN . A. TROTTER 
1925 Wa.uace Brown E. N. MenreEELY . F. Gauss 

1909 D. K. Harris Pavut GALLAGHER . H. CasBeRG 
1919 CxLayTon CooPER Rop VanScoy ARRY DAASCH 
1913 E. C. Jerrrry Rex SAYRE . M. Barnes 
1917 J. B. Buttock L. R. Hartman . G. CHRISTIE 
1914 F. P. Brown J. E. Moorn . J. Mack 

1909 L. W. Benz Joun Grist . H. Stuss 

1911 C. E. Arcuer W. E. Butter . C. Jnrr 

1919 EK. M. Poots P. R. Trumpuer . M. Merrick III 
1911 P. H. OumEr E. P. Coorrr . H. Jennings 
1933. Donautp HamiLtron (Miss) Luverne OLson S. Kozacka 

1916 O. H. Ousnn C. E. Daviret AMILTON JOHNSON 
1928 K. W. Scorr J. K. Meyer R. S. Trosprr 
1921 R. A. Hopeman B. A. HoteatEe H. J. Bars 

1910 H. P. Lirrur R. D. Hurcurns I. H. PRaGEMAN 
1923 R. E. Hann L. E. Jonrs J. E. ScHorn 

1909 J. F. Parrerson P. L. OBER James Hout 


Year 
Name and Location Authorized Chairman 
Michigan College of Mining and Technology, 

Houghton, Mich. 1930 ALEXANDER GARSKI 
Michigan State College, East Lansing, Mich. 1917 F. W. BrunpaGcn 
Michigan, Univ. of, Ann Arbor, Mich. 1914 D. E. WirHhRAaGE 
Minnesota, Univ. of, Minneapolis, Minn. 1913 W. A. Stone 
Mississippi State College, State College, Miss. 1926 E. H. BourquaRpD 
Missouri School of Mines and Metallurgy, Rolla, 

Mo. 1930 J. C. Turk 
Missouri, Univ. of, Columbia, Mo. 1909 F. W. Minor 
Montana State College, Bozeman, Mont. 1920 JoHN SyMoNDS 
Nebraska, Univ. of, Lincoln, Neb. 1909 R. A. Dousr 
Nevada, Univ. of, Reno, Nev. 1923. J. N. Teprorp, Jr. 
Newark College of Engineering, Newark, N. J. 1924 J. A. BaBnor 
New Hampshire, Univ. of, Durham, N. H. 1926 W. H. SanBorn 
New Mexico, Univ. of, Albuquerque, N. Mex. 1935 A. C. FRANK 
New York, College of the City of, New York, 

INE DS 1922 LawRENCE GOLDREYER 
New York Univ., New York, N. Y.4 1917 Joun Foopy 
New York Univ., Evening Division, New York, 

IN. Ye. 1933 Henry Koster 
North Carolina State College, Raleigh, N. C. 1920 R.S. Tautron 
North Carolina, Univ. of, Chapel Hill, N. C. 1929 R. A. MiuiER 
North Dakota Agricultural College, Fargo, N.D. 1929 Raupn Raucu 
North Dakota, Univ. of, Grand Forks, N. D. 1923 J. H. RetnertTson 
Northeastern Univ., Boston, Mass. 1922 Frank Apupy (Div. A) 

H. E. Taytor (Div. B) 
Northwestern Univ., Evanston, Ill. 1935 Wiiuram Lynam 
Notre Dame, Univ. of, Notre Dame, Ind. 1929 L. F. Crystau 
Ohio Northern Univ., Ada, Ohio 1922 C. H. Simmons 
Ohio State Univ., Columbus, Ohio 1911 J. BE. Fryneran, JR. 
Oklahoma A. & M. College, Stillwater, Okla. 1921 Lyreser DesCHames 
Oklahoma, Univ. of, Norman, Okla. 1917 James MiLus 
Oregon State Agricultural College, Corvallis, 

Ore. 1909 Perry PRatr 
Pennsylvania State College, State College, Pa. 1909 KE. M. VanLerR 
Pennsylvania, Univ. of, Philadelphia, Pa. 1925 H.H. Smasrook, JR. 
Pittsburgh, Univ. of, Pittsburgh, Pa. 1917 J. E. Currin 
Pratt Inst., Brooklyn, N. Y. 1923 F. W. JoHNn 
Princeton Univ., Princeton, N. J. 1926 M.H. Dan 
Puerto Rico, Univ. of, Mayaguez, P. R. 1923 GuitBERTO Bas 
Purdue Univ., Lafayette, Ind. 1909 C. D. SHrpLps 
Rensselaer Polytechnic Inst., Troy, N. Y. 1910 W. W. ManvitLEe 
Rhode Island State College, Kingston, R. I. 1930 K. M. Daruine 
Rice Inst., Houston, Tex. 1925 C.J. Brooxs, JR. 
Rose Polytechnic Inst., Terre Haute, Ind. 1926 CHARLES MacpoNALD 
Rutgers Univ., New Brunswick, N. J. 1920 S. Rep 
Santa Clara, Univ. of, Santa Clara, Calif. 1925 W. J. Apams, JR. 
South Dakota State College, Brookings, S. D. 1935 D. E. Bowes 
Southern California, Univ. of, Los Angeles, Calif. 1929 EH. K. Sprincar 
Southern Methodist Univ., Dallas, Tex. 1933. Norwoop BLANKENSHIP 
Stanford Univ., Stanford University, Calif. 1909 R.S. NriccouLs 
Stevens Inst. of Technology, Hoboken, N. J. 1908 Wu11AmM HENSELER 
Swarthmore College, Swarthmore, Pa. 1921 HE. H. Roserrs 
Syracuse Univ., Syracuse, N. Y. 1912 R. D. Marcwuant 
Tennessee, Univ. of, Knoxville, Tenn. 1923 L. B. ALLEN 
Texas, A. & M. College of, College Station, Tex. 1921 H. M. Lone 
Texas Technological College, Lubbock, Tex. 1930 Ross Watson 
Texas, Univ. of, Austin, Tex. 1921 Donautp KnRR 
Toronto, Univ. of, Toronto, Ont., Can. 1933. R. B. McIntTyRE 
Tufts College, Tufts College, Mass. 1917 E. L. Morrison 
Tulane Univ. of Louisiana, New Orleans, La. 1933 W.S. Nreuson 
Utah, Univ. of, Salt Lake City, Utah 1923 KE. B. MANSFIELD 
U. S. Naval Academy, Post Graduate School, 

Annapolis, Md. 1925 
Vanderbilt Univ., Nashville, Tenn. 1928 J.S. Cave 
Vermont, Univ. of, Burlington, Vt. 1922 Eucnane MercHant 
Villanova College, Villanova, Pa. 1925 P. D. DonaHuE 
Virginia Polytechnic Inst., Blacksburg, Va. 1915 B. W. BisHop 
Virginia, Univ. of, University, Va. 1923 R. C. Carrick 
Washington, State College of, Pullman, Wash. 1930 WiiiamM BRATTAN 
Washington Univ., St. Louis, Mo. 1911 L. P. ScHwartz 
Washington, Guin of, Seattle, Wash. 1917 RusseLL ASHLEMAN 
West Virginia Univ., Morgantown, W. Va. 1922 H.C. Sxaaes, JR. 
Wisconsin, Univ. of, Madison, Wis. 1909 R. T. Save 
Worcester Polytechnic Inst., Worcester, Mass. 1914 J. R. Branp 
Wyoming, Univ. of, Laramie, Wyo. 1925 BK. M. MessprsMitH 
Yale Univ., New Haven, Conn. 1910 Rurus WESSON 
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Student Branches (continued) 


4 Aeronautic Division, RopertT Lenr, Chairman, R. 


Secretary 


VINCENT PETERSON 
GrorcE PETERS 

R. 8. Youne 

L: L. Miniter 

R. M. SHort 


L. W. Mrypr 

J. F. Jones 

Logan CowLEs 

F. J. Mauuon 
CuarLes ALLEN 

J. T.. BAILEY 

R. W. Rossins 
ALLEN WHITESIDES 


D. T. HENKEN 


Ra®tTscH 
Goap 

Ts WILSON 

RospertT PIBRCE 

S. AnsBorr 


Bray 
W. Dz 
W. 


F. H. Maces (Div. A) 
A. N. MELvitue (Div. B) 


R. H. WeLuMAan 
E. F. FrareyY 
W. J. Buazeu 
W. L. Maurz 
O. L. Morrisetr 
Jarvis PIERCE 


ALBERT ROSENBERG 
D. R. CrEvELING 
T. DEJONY 
FRANCIS SHAPIRO 
R. T. Haceertry 
A. R. JoHNSTON 
GInES FLAQUE 
R. K. Weupy 

J. B. Nouan 

K. E. Wricst 

R. R. FitrzHues 
Jim Hurrorp 

F. Wittie 
ALFONSO CASTRO 
H. V. GRAVES 

A. I. Mpyer 


R. R. LonGNECKER 


T. W. MacomBnR 
WaRREN GROOME 
J. N. Beck 
Rarri DABANUFF 
C. K. Norris 

T. A. Bowl 
PauL CoNEWAY 
Horace ADRIAN 
J. H. Govan 

D. W. SpavEy 
GopFREY CoAaTE 
D. R. WitpE 


FRANK PITTMAN 
W. C. TwitcHELu 
M. B. Warp 


R. K. NimppRJOHN 


\ 


Smita HickENLOOPER, JR. 
S. Buck, Secretary, F. K. TEICHMANN, Faculty Adviser. 


Honorary Chairman 


H. W. RistEan 

W. E. RevuLine 

O. W. Boston 

J. J. Ryan 

O. D. M. Varnavo 


R. O. Jackson 


. Less 


"Rice 


_E. 
. C. AUTENRIETH 
. C. CooNRADT 


. C. CoonRADT 
. L. VAUGHAN 


. DoLvE 
. DABLUND 


peste DO) 


. OTHUS 
JA 
. Coogan, JR. 
oT TR 

W. HuntTER 
F.M 
I. Gru 
V. Lupy 
A. 
D. 
H. 


les! 
et 
8 
Z 


° 
iS 
o 
4 


FEssENDEN 
BILLMEYER 
PounpD 
ARL WISCHMBYBR 
N. P. Battey 
Gro. L. SULLIVAN 
J. F. STRATE 
T. Eyre 
R. SLAYMAKER 


8. 
J. 
L. 
Be 
L. 
E. 
C. 
J. 
C 


C. Finca 
H. FezanDin 
B. THomM 

T. Harr 

L. WILKINSON 
M. Farres 

L. DovuGHTIB 
L. BEGEMAN 
G. McIntosH 
HE. Leavitt 
oun MAYER 

B. HoGan 


4 
R. 
H. 
We 
E. 
G. 
S. 
138 
Vv. 
Vv. 
M. 
Ww. 
E. 
J 


M. 

P. J. Kinrer 

J. E. Boynton 
E. L. SusspoRFF 
J. S. MoreHousE 
F, F. GrospcLoseé 
F. T. Morse 

E. B. PARKER 

EB. H. Sacer 

R. H. G. EpmMonps 
L. D. Hayns 

T. P. CoLBpRtT 
H. W. Dows 

R. S. Sink 

S. W. DupLEY 


J. Miuzs, Assistant 


RI-13 


ZeLLER (Divs. A and B) 


RI-14 


Local Sections 


(Personnel of Standing Committee, p. 5) 


Midwest Office 


Room 1617, 205 West Wacker Drive, Chicago, III. 


Mid-Continent Office 


J. Harotp Apxison, Mid-Continent Petroleum Secretary, 
213 Midco Bldg., Tulsa, Okla. 


Regional Group Delegates to Annual Conferences 


Terms expire October, 1936 


Joun P. Ferris, Group lV 
SaBin Crocker, Group V J. N. Lanpis, Group II 

S. R. Dows, Group VII E. L. McDonatp, Group VI 
B. F. Rogers, Group III 


Z. R. Briss, Group I 


Terms expire October, 1937 


W. L. Epvex, Speaker, Group I 
S. B. Earp, Alternate Speaker, Group IV 
S. R. Beirier, Secretary, Group V 


R. M. Barnes, Group VI R. 8. Brescxa, Group III 
TsHroporE BAUMBISTER, JR., Group II Davin R. Bray, Group VII 


AKRON-CANTON 


Organized: 1920 
Territory: Counties of Richland, Ashland, Medina, Summit, 
Portage, Wayne, Stark, Holmes, Tuscarawas, Carroll, and 
Coshocton in Ohio 
Number of Members: 103 
EXECUTIVE COMMITTEE 
WaANER, Chairman W. P. Cox 
E. C. Hues 


H. EH. 
8S. H. Haun, Vice-Chairman 
H. A. TrISHMAN, Secretary-Treasurer 
E. F. Maas 


B. W. LEMLEY 


ANTHRACITE-LEHIGH VALLEY 


Organized: 1920, as Lehigh Valley; reorganized, 1928, as Anthra- 
cite-Lehigh Valley 

Territory: Counties of Bradford, Susquehanna, Wayne, Sullivan, 
Wyoming, Lackawanna, Columbia, Luzerne, Monroe, Pike, 
Schuylkill, Carbon, Berks, Lehigh, Northampton in Pennsyl- 
vania, and Warren in New Jersey 

Place of Meeting: One meeting annually at Allentown, Bethlehem, 
Easton, Hazleton, Pottsville, Reading, Scranton, and Wilkes- 
Barre 

Local Organization: The Engineers’ Club of Lehigh Valley 

Number of Members: 179 


EXECUTIVE COMMITTEE 


H. A. Picken, Chairman F. K. Fo@teMan 

F. H. Decuant, Vice-Chairman W. W. Hacertry 

M. C. Stuart, Vice-Chairman C. H. McKnicur 

C. W. Bretu, Secretary C. M. Merrick 

R. J. Prince, Treasurer Jinks LEV IAL 

A. D. BERLINGER CHRISTIAN SCHILLINGER 

A. B. CLEMENS D. G. WintiAMs 
ATLANTA 

Organized: 1913 

Territory: Radius of sixty miles from Atlanta, Ga. 


Place of Meeting: Atlanta Athletic Club 

Luncheon meeting every Monday at 12:30 P.M. at Atlanta Athletic 
Club 

Number of Members: 73 


EXECUTIVE COMMITTER 


T. E. Bei 
S. C. Hatz 
Larry MontTAGUE 


W. CLarRKE WRrob, Chairman 
GeorGp BRAUNGART, JR., Vice-Chairman 
R. M. Matson, Secretary-Treasurer 


/ 
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BALTIMORE 


Organized: 1916 

Territory: Radius of thirty miles from Baltimore, Md. 

Place of Meeting: Engineers’ Club of Baltimore 

Luncheon meeting every Wednesday at 12:00 noon at Engineers’. 
Club 

Number of Members: 147 


EXECUTIVE COMMITTEE 


F. W. KouwENHOVEN, Chairman O. C. CROMWELL 

K. P. Hanson, Secretary-Treasurer N. B. Hieeins 

L. F. Corrin J. E. Howarp 
A. L. PENNIMAN 


BIRMINGHAM 


Organized: 1915 

Territory: Radius of sixty miles from Birmingham, Ala. 

Place of Meeting: Auditorium of the Alabama Power Company 
Building 

Number of Members: 59 


EX&cuTIVE COMMITTER 


J. W. EsHELMAN, Chairman Neat Duceanr, Secretary-Treasurer 
T. J. CARPENTER, Vice-Chairman R. A. PoLGLAZE 
J. A, SIRNIT 


BOSTON 
Organized: 1909 
Territory: Radius of thirty miles from Boston, Mass. 
Place of Meeting: Rooms of the Engineering Societies of Boston 
Local Organization: Engineering Societies of Boston 
Number of Members: 533 


EXECUTIVE COMMITTEE 


W. F. Ryan, Chairman G. C. Eaton 
W. E. Farnuam, Vice-Chairman B. B. Fo@eupr 
E. L. Root, Secretary-Treasurer G. F. Jenxs 


BRIDGEPORT 


Organized: 1917, as a Branch of Connecticut Section; reorganized 
as a Section, 1923 

Territory: Fairfield County, Conn. 

Place of Meeting: University Club 

Number of Members: 116 


EXECUTIVE COMMITTEE 


H. E. Wetts, Chairman ARTHUR BREWER 


H. Parrerson Harris, Vice-Chairman W. R. Cuark 

W. H. Snirren, Secretary A. H. Emery 

C. N. Hoaguann, Treasurer A. W. HaGan 

T. H. Brarp I. C. JENNINGS 

JuLIus BRENZINGER R. C. Moopy 
BUFFALO 

Organized: 1915 

Territory: Radius of thirty miles from Buffalo, N. Y. 


Place of Meeting: Hotel Statler 
Local Organization: Engineering Society of Buffalo 
Number of Members: 157 


EXECUTIVE COMMITTEE 


C. E. Harrineton, 7J'reasurer 
J. A. Fisu 

C. GALE KIPLINGER 

H. D. Munson 


J. L. Yares, Chairman 
Paut Dusosciarp, Vice-Chairman 
W. A. Miter, Secretary 


CENTRAL PENNSYLVANIA 


Organized: 1921 

Territory: Radius of approximately sixty miles from State College, 
12 

Place of Meeting: Pennsylvania State College, State College, Pa. 

Number of Members: 71 


EXECUTIVE COMMITTER 


C. EF. BuLirmncer, Secretary-Treasurer 


H. A. Evererr 
C. H. Kent : 


. Headquarters: 
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CHARLOTTE 


Organized: As a Branch, 1923; as a Section, 1927 

Territory: Radius of sixty miles from Charlotte, N. C. 

Luncheon Meeting every Monday at 1:00 P.M. at Efirds Department 
Store 

Number of Members: 35 


EXECUTIVE COMMITTEE 


Asa Hosmnmr, Chairman V. E. Fuuuer, Secretary-Treasurer 
W. E. McDowe tt, Vice-Chairman E. W. LAWRENCE 
W. E. Leroy 


CHATTANOOGA 
Organized: 1922 
Territory: Radius of sixty miles from Chattanooga, Tenn. 
Number of Members: 15 


EXECUTIVE COMMITTEE 


Newey Sanpers, Chairman F. Warp Reitty, Secretary-Treasurer 
H.H. Battery, Vice-Chairman T. C. ERVIN 
M. P. Wau 


CHICAGO 

1913 

Radius of fifty miles from Chicago, Ill. 

Midwest A.S.M.E. Office, 205 West Wacker Drive, 
Chicago, Ill. 

Luncheon Meeting every Tuesday 
neers Club 

Local Organization: 

Number of Members: 


Organized: 
Territory: 
at 12:15 P.M. at Chicago Engi- 


Western Society of Engineers 
667 


EXECUTIVE COMMITTER 


J. 8S. Kozacka, Chairman L. A. CLousine 
ApoupH LANGSNER, Vice-Chairman C. T. Link 

F. B. Orr, Secretary-Treasurer W. H. WINTERROWD 
R. D. BrizzoLara E. L. WoopwarpbD 


CINCINNATI 


1912 
Radius of thirty miles from Cincinnati, Ohio 
Engineers’ Club Rooms, Ninth & Race Sts. 
Engineers’ Club of Cincinnati 

195 


Organized: 
Territory: 
Place of Meeting: 

Local Organization: 
Number of Members: 


EXEcuTive COMMITTER 


J. T. Fate, Chairman ; F. S. Dpwry 

F. BE. Carpuiio, Vice-Chairman W. E. M. Frecman 

C. A. JoercEr, Secretary C. L. KonHLeR 

H. C. Ursuein, Treasurer R. S. PARKER 

J. W. BUNTING G. A. SEYLER 
CLEVELAND 

Organized: 1918 

Territory: Counties of Lorain, Cuyahoga Lake, Geauga, and Ashta- 


bula in Ohio 

Place of Meeting: Statler Hotel 

Local Organization: Cleveland Engineering Society 

Luncheon Meeting every Wednesday at 12:30 P.M. at Hotel§Statler 
Cafeteria 

Number of Members: 252 


EXECUTIVE COMMITTEE 


McRpa Parker, Chairman C. A. DAUBER 
J. RowxLanp Brown, Vice-Chairman H. M. Hammonp 
E. 8. Auut, Secretary L. E. Jermy 
FERDINAND JEHLE, Treasurer A. J. Stock 


E. H. Wuirnock 


COLORADO 
Organized: 1919 
Territory: Entire State of Colorado 
Place of Meeting: Parisienne Rotisserie Inn, Denver, Colo. 
Local Organization: Colorado Engineering Council (Colorado 


Society of Engineers) 
Number of Members: 91 


RI-15 


EXECUTIVE COMMITTEE 


G. A. ey Chairman ARTHUR HALLIWELL 
R. W. Morton, Secretary-Treasurer J. A. HUNTER 
L. D. Crain F. A. Lockwoop 
F. H. Prouty 
COLUMBUS 
Organized: 1920 
Territory: Counties of Union, Delaware, Licking, Madison, Frank- 


lin, Fayette, Pickaway, and Ross in Ohio 

Place of Meeting: Battelle Memorial Institute and Ohio State 
University 

Local Organization: Engineers’ Club of Columbus 

Luncheon Meeting Third Friday of each month at 12:00 noon at 
Engineers’ Club, Columbus 

Number of Members: 79 


EXECUTIVE COMMITTEE 


H. S. Dickerson, Chairman B. M. Sampson, Secretary-Treasurer 
R. A. Superman, Vice-Chairman F. W. Marquis 
JOHN YOUNGER 


DAYTON 


Organized: 1926 

Territory: Counties of Drake, Miami, Champaign, Preble, Mont- 
gomery, Greene, and northern part of Butler and Warren in 
Ohio 

Place of Meeting: Engineers’ Club of Dayton 

Local Organization: Engineers’ Club of Dayton 

Number of Members: 73 


EXECUTIVE COMMITTEE 


R. W. Martin, Chairman 

G. A. Buvinerr, Vice-Chairman 
J. J. Hpauy, Secretary 

B. E. Tare, Jr., Treasurer (Bis 


G. P. CastRaGHI 
L. E. Hurseu 
W. a A. IRELAND 
. Rrescu# 


DETROIT 


Organized: 1916 

Territory: Radius of thirty miles from Detroit, Mich. 

Place of Meeting: Place varies 

Local Organization: Associated Technical Societies of Detroit 
Number of Members: 379 


EXECUTIVE COMMITTEE 


Sasin Crocker, Chairman C. L. EKsERGIAN 
L. T. Knooxn, Secretary-Treasurer L. N. Frevp 
Rospert ATKINSON F. J. LINSENMEYER 
A. P. BEUTEL H. W. Mivuer 

B. W. Beyer, Jr. L 


ERIE 
Organized: 1917 
Territory: Radius of thirty miles from Erie, Pa. 
Place of Meeting: Auditorium of Pennsylvania Telephone Company 
Number of Members: 53 


EXECUTIVE COMMITTEE 


GerorGE Bacu 

H. E. Goetz 

W. L. HuntTER 
HerRMAN MUELLER 


A. J. Woopwarpb, Chairman 
G. S. Brewer, Vice-Chairman 
W. J. BRENNER, Secretary 
Frank Dersy, Treasurer 
M. E. Smita 


FLORIDA 
Organized: 1925 
Territory: State of Florida 
Place of Meeting: Place varies 


Local Organization: Florida Engineering Society, Gainesville, Fla. 
Number of Members: 71 


EXEcuTIVE COMMITTEBR 


Burpxgtt Loomis, Jr., Chairman C. M. Lowry 
Rosert Peyineuaus, 1st Vice-Chairman H. J. B. ScHARNBERG 
CHARLES BEENSEN, 2nd Vice-Chairman G. H. Smita 

B. R. Van Leer, Secretary-Treasurer A. J. StRONG 

G. W. CAMPBELL J. P. WaRREN 


RI-16 
GREEN MOUNTAIN 
Organized: 1923 
Territory: Entire State of Vermont and neighboring and closely 


related communities of Claremont and Hanover, N. H. 
Place of Meeting: Springfield, Windsor, Vt., and Claremont, N. H. 
Local Organization: Vermont Engineering Society 
Number of Members: 39 


EXEcUTIVE COMMITTER 


J. B. Jonnson, Chairman C. J. DEwELL 
Merton Arms, Secretary-Treasurer H. R. Finn 

C. H. Apams R. H. Hacks 
O. F. ANDERSON F. A. Joy 

C. 8. Bracw H. J. Lockwoop 
F. E. CHEEVER E. L. SussporFrF 


GREENVILLE 


Organized: As a Branch, 1923; as a Section, 1927 

Territory: Radius of sixty miles from Greenville, S. C. 

Place of Meeting: Meetings held at Greenville, Clemson College, 
S. C., Canton, Asheville, and Enka, N. C. 

Number of Members: 43 


EX&cUTIVE COMMITTER 


S. B. Earp, Chairman W. R. Crore 
C. G. Kuopp, Vice-Chairman H. D. Learnarp 
J. B. Mayo, Secretary-Treasurer R. S. Prouirr 
C. D. BLAcCKWELDER E. R. Stray 
F, A. WAYANT 
HARTFORD 
Organized: 1917, as a Branch of Connecticut Section; reorganized 


as a Section, 1923 

Territory: Hartford County except that portion served by Meriden 
and New Britain Sections 

Place of Meeting: Connecticut State Trade School 

Number of Members: 110 


EX&CUTIVE COMMITTEE 


Epwarps R. FisH 
R. D. Ke.Lurr 
S. Jay TELLER 


H. B. Van Zeit, Chairman 
E. P. Hurricx, Vice-Chairman 
G. R. Trurepsson, Secretary-Treasurer 


HOUSTON 
Organized: 1919 
Territory: South Texas and the northern part of the State not 
included in the North Texas Section territory 
Place of Meeting: Electric Bldg., Houston, Tex. 
Number of Members: 104 


EXECUTIVE COMMITTEER 


J. M. Rosertson, Chairman E. A. Bynum, Jr. 

W. B. Preston, Vice-Chairman C. W. CrawForp 

J. E. Monteommry, Secretary-Treasurer J. H. Dusenporr* 

D, D. Auton C. J. EckHarpt, Jr. 

A. H. Burr F. D. Raum 
INDIANAPOLIS 

Organized: 1916 

Territory: Radius of eighty miles from Indianapolis, within Indiana 


Place of Meeting: Place varies 
Local Organization: Indiana Engineering Society 
Number of Members: 102 


EXECUTIVE COMMITTEE 


J. H. Macurrn, Chairman J. C. Sisausmunp, Secretary-Treasurer 
H. B. Marsu, Vice-Chairman H. D. Hartiny 
F. C. Hockema 


INLAND EMPIRE 

Organized: 1921 

Territory: East of Columbia River in State of Washington, and 
Counties of Okanogan and Benton, and portion of Northern 
Idaho 

Place of Meeting: Davenport Hotel, Spokane 

Luncheon Meetings every Wednesday at 12:00 noon, Davenport 
Hotel, Spokane 

Local Organization: Associated Engineers of Spokane 

Number of Members: 27 


* Deceased January, 1936. 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


EXEcUTIVE CoMMITTER 


D. R. Gray, Chairman C.I. Carpenter, Secretary-Treasurer 
H. H. Lanepon, Vice-Chairman L. J. Pospis1 


KANSAS CITY 


Organized: 1921 

Territory: Radius of sixty miles from Kansas City, Mo. 
Place of Meeting: Hotel President 

Local Organization: Engineers’ Club of Kansas City 
Number of Members: 112 


EXECUTIVE COMMITTED 


G. C. Scuaap, Chairman L. W. Browne 
H. A. Smiru, Vice-Chairman Lynn HELANDER 
W. L. Matuews, Secretary F. J. HouzBaur 
W. B. Rouuiys, Treasurer E. L. McDonatp 
J. F. PrircHarp 
KNOXVILLE 
Organized: 1923 


Territory: All the counties east of the west boundaries of the 
following, Morgan, Roane, Loudon, McMinn, Scott, and Polk, 
Tenn., and Bell County, Ky. 

Place of Meeting: Andrew Johnson Hotel. 

Local Organization: Knoxville Technical Club 

Number of Members: 57 


EXECUTIVE COMMITTEE 


J. P. Ferris, Chairman JAS. ELLIs 
E. L. CarpentErR, Vice-Chairman J. L. FRANKUM 
F. L. WiLxki1nson, Jr., Secretary-Treasurer E. W. Patmpr 


LOS ANGELES 


Organized: 1915 

Territory: South of southern boundaries of following counties 
Monterey, Kings, Tulares, and Inyo, Calif. 

Place of Meeting: Place varies 

Local Organization: Technical Societies of Los Angeles 

Luncheon Meeting every Thursday at 12:00 noon at Engineers’ Club 

Number of Members: 342 


EXECUTIVE COMMITTER 


H. L. Eaciteston 
J. Roy HorrMan 
J. H. Leeps 


R. McC. BranFigip, Chairman 
W. Roy SuHetrret, Vice-Chairman 
S. M. Dunn, Secretary-Treasurer 
D. P. Vain 


LOUISVILLE 


Organized: 1922 

Territory: Radius of thirty miles from Louisville, Ky. 

Place of Meeting: Engineers’ and Architects Club of Louisville 
Local Organization: Engineers’ and Architects Club 

Number of Members: 32 


EXECUTIVE COMMITTEE 


B. M. BrigMan 
G. W. Husiry 
JoHn Hurst 


J. H. Romann, Chairman 
L.S. Vancg, Vice-Chairman 
H. H. Fenwick, Secretary-Treasurer 


MEMPHIS 


Organized: 1923 
Territory: Radius of sixty miles from Memphis, Tenn. 
Number of Members: 23 


EXECUTIVE COMMITTER 


L. H. Hungate, Jr., Chairman T. H. ALLEN 
R. V. Downs, Vice-Chairman M. W. Rica 
J. J. Ryan, Secretary-Treasurer W. H. Roxserts 
J. S. Roprnson 
MERIDEN 
Organized: 1917, as a Branch of Connecticut Section; reorganized 
as a Section, 1923 
Territory: Meriden, Middletown, Southington, Portland, Plants- 


ville, and Wallingford, Conn. 
Place of Meeting: State Trade School Auditorium 
Number of Members: 16 


SOCIETY RECORDS 


EXECUTIVE COMMITTER 


J. A. HuTcHINson 
L. B. Marcy 

E. A. RoBinson 
Puiuie TRIPOLI 


. A. Newton, Chairman 
. W. Stetson, Secretary-Treasurer 
L 


J. C. Tucker 


METROPOLITAN 


Organized: 1910 

Territory: Metropolitan District, New York and New Jersey 
Place of Meeting: Engineering Societies Building, New York, N. Y. 
Number of Members: 3477 


EXxEcuTive COMMITTEE 


J. N. Lanpis, Chairman 
R. B. Purpy, Secretary 
W.H. Armacost, Treasurer 
THEODORE BAUMBEISTER, JR. 
T. E. Keatine 


Vv. M. Frost 

W. C. Guass 

C. A. HuscHELes 
JoHN Ho¥rrHInE 


MID-CONTINENT 


Organized: 1919 

Territory: Entire States of Oklahoma and Arkansas, and a part 
of Louisiana. In Texas north of the southern boundaries of 
the counties of Gaines, Dawson, Bordon, Scurry, Fisher, Jones, 
and Shackelford 

Place of Meeting: 213 Midco Building, Tulsa, Okla. 


Number of Members: 124 


EXECUTIVE COMMITTEE 


L. C. Prics, Vice-Chairman 
W. H. Strunvn, Vice-Chairman 
J. F. Eaton, Secretary 

R. G. Ayrers, Treasurer 


A. J. Kerr, Chairman 

A. J. Mack, Vice-Chairman 

H. W. Mantey, Vice-Chairman 
Brrny OAKLAND, Vice-Chairman 


MILWAUKEE 
Organized: 1904 
Territory: Radius of fifty miles from Milwaukee, Wis. 
Place of Meeting: Milwaukee Athletic Club 
Local Organization: Engineers’ Society of Milwaukee 
Number of Members: 200 


EXECUTIVE COMMITTEE 


Hans DAHLSTRAND 
F. H. Dorner 
ARTHUR SIMON 


W. D. Buss, Chairman 
A. H. Lurpicxe, Secretary-Treasurer 
C. A. CAHILL 


MINNESOTA 


Organized: Minneapolis, 1913; St. Paul, 1913; merged the two 
Sections, 1934 

Territory: Entire State of Minnesota 

Place of Meeting: Minnesota Union 

Local Organization: Minneapolis Engineers’ Club, Minnesota 
Federation of Architectural and Engineering Societies 

Number of Members: 94 


EXECUTIVE COMMITTEE 


Metvin Ovestrup, Chairman L. A. Coss 
H. O. Wasugurn, Vice-Chairman G. F. EnpIcoTT 
C. A. Korrxen, Secretary-Treasurer P. J. FRAWLEY 


NEBRASKA 
Organized: 1922 
Territory: State of Nebraska, and Council Bluffs, lowa 
Place of Meeting: Lincoln and Omaha 
Local Organization: Engineers’ Club of Lincoln and Omaha 
Number of Members: 36 


EXxEcurive COMMITTEE 


W. L. DeBaurre, Chairman A. E. BUNTING 
C. F. Moutron, Vice-Chairman R. J. PROHASKA 
A. A. Luxrss, Secretary-Treasurer L. J. Ror 

W. L. Waite 


NEW BRITAIN 


Organized: 1921, as a Branch of Connecticut Section; reorganized 
as a Section, 1923 


RI-17 


Territory: New Britain, Plainville, Forestville, Bristol, Kensington, 
and Berlin, Conn. 

Place of Meeting: Auditorium of the State Trade School 

Number of Members: 39 


EXECUTIVE COMMITTER 


R. A. Grisz, Chairman C. W. Lunp 

P. W. Baur, Vice-Chairman H. L. SpAUNBURG 

N. F. Hueren, Secretary-Treasurer C. C. STEVENS 

B. 8. Lewis W. C. Zinck 
NEW HAVEN 

Organized: 1912; reorganized, 1923 


Territory: Portions of New Haven and Middlesex Counties, Conn. 
Place of Meeting: Mason Laboratory, Yale University 
Number of Members: 85 


Executive CoMMITTEER 


G. E. Huuse, Chairman P. H. EnNGiuisH 
M. J. Rapecx1, Secretary-Treasurer F. W. Keator 
A. F. BREITENSTEIN R. A. Nort 
H. R, Potters 
NEW ORLEANS 
Organized: 1916 


Territory: All of Louisiana except the northern part allotted to 
Mid-Continent Section 

Place of Meeting: Room 422, St. Charles Hotel 

Local Organization: Louisiana Engineering Society 

Number of Members: 89 


EXECUTIVE COMMITTEE 


A. C. Davis 
G. R. Hammett 


J. S. Netaerwoop, Chairman 
C. A. Benvper, Jr., Secretary-Treasurer 
R. F. Mouuiter 


NORTH TEXAS 


Organized: 1922 
Territory: Radius of one hundred and twenty-five miles from Dallas, 
in Texas 


Place of Meeting: University Club, Dallas, Texas 
Local Organization: Technical Club of Dallas 
Number of Members: 64 


EXECUTIVE COMMITTEE 


E. W. BurBank, Chairman W. B. GrReGorRY 

R. R. Crownvws, Secretary-Treasurer Henry Rosinson 

P. M. CorpELL E. F. Scumipt 
NORWICH 

Organized: 1930 


Territory: Counties of Tolland, Windham, and New London in 
Connecticut, and Westerly District in Rhode Island 

Place of Meeting: Arcanum Club, 150 Main St., Norwich 

Number of Members: 29 


EXECUTIVE COMMITTEE 


W. L. Epgu, Chairman 
W. BE. Braney, Secretary-Treasurer 


RonauLp McIntTyYRE 
C. W. PHELps 


C. E. BarBER EuGENE RANG 
L. E. WHITON 
ONTARIO 
Organized: 1917 
Territory: Province of Ontario, Canada 


Place of Meeting: Mining Building, University of Toronto 
Number of Members: 104 


ExEcuTiIvp COMMITTEE 


W.S. Bau, Chairman S. G. CLARKE 

F. G. East, Secretary-Treasurer F. H. Evanp 

EB. A. ALLcurT O. W. Evuis 

W. T. BRICKENDEN S. L. Far 

C. H. MchL. Burns W.G. McInrTosH 
C. C. Cariss W. A. RicHARDS 


P. G. WELFORD 


RI-IS 

OREGON 
Organized: 1919 } 
Territory: State of Oregon and that territory in Washington within 


a radius of thirty miles from Portland, Ore. 
Place of Meeting: University Club, Portland, Ore. 
Local Organization: Oregon Society of Engineers 
Number of Members: 48 


EXECUTIVE COMMITTEE 


J. C. Ornus, Chairman 


E. C. Wiuey, Secretary-Treaswrer Herstop 
S. M. Lister 
PENINSULA 
Organized: 1923 
Territory: West of the east boundaries of the following counties: 
Emmet, Charlevoix, Antrim, Kalkaska, Missaukee, Clare, 


Isabella, Gratiot, Clinton, Eaton, Calhoun, and Branch, Mich. 
Place of Meeting: Grand Rapids, Mich. 
Local Organization: Engineers’ Club of Grand Rapids 
Number of Members: 46 


EX&CUTIVE COMMITTEE 


R. E. Kutsz, Secretary 
Le Roy L. Brnepicr 


C. B. Norris, Chairman 
L. A. Corngeuius, Vice-Chairman 
A. KuRKJIAN 


PHILADELPHIA 


Organized: 1912 

Territory: Counties of Bucks, Montgomery, Chester, Philadelphia, 
Delaware, Pa., and the State of Delaware 

Place of Meeting: Philadelphia Engineers’ Club 

Local Organization: Philadelphia Engineers’ Club 

Number of Members: 848 


EXECUTIVE COMMITTER 


W. F. OpprRHUBER, Chairman G. E. Croroor 


J. P. HarsBeson, Jr., Vice-Chairman E. L. Hoprine 

COLEMAN SELLERS, 3D, Secretary-Treasurer C. C. Jones 
PITTSBURGH 

Organized: 1920 

Territory: Counties bounded by and including Beaver, Butler, 


Venango, Forest, Jefferson, Indiana, Somerset, Fayette, Greene, 
and Washington, Pa. 

Place of Meeting: Engineers’ Society of Western Pennsylvania, 
William Penn Hotel 

Local Organization: Engineers’ Society of Western Pennsylvania 

Number of Members: 385 


EX&EcUuTIVE COMMITTEE 


W.N. FLANAGAN, Chairman 
K. F. Trescuow, Secretary-Treasurer 


H. C. Ciauspn . J. 8. Precorr 


PLAINFIELD 


Organized: 1921 

Territory: Plainfield and territory included between Elizabeth, 
Bound Brook, Metuchen, and Watchung, N. J. 

Place of Meeting: Elks Club, Elizabeth, and Park Hotel, Plainfield 

Local Organization: Plainfield Engineers Club, Singer Engineering 
Society 

Number of Members: 203 


EXECUTIVE COMMITTEE 


RicHARD Kaiser, Chairman J. P. Faser, Treasurer 
W. B. Upprararr, Vice-Chairman R.S. Brescxa 
D. V. Waters, Secretary D. H. Cuason 
H. [. Lewis 
PROVIDENCE 


Organized: 1920 

Territory: Radius of thirty miles from Providence, R. I. 

Place of Meeting: Providence Engineering Society Building, 195 
Angell St., Providence, R. I. 

Local Organization: Providence Engineering Society 

Number of Members: 167 
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EX&cCUTIVE COMMITTER 


Z. R. Butss, Chairman A. C. Cuick 

F. A. CHIFFELLE, Vice-Chairman J. D. Ropertson 
A. WiutiaM Meyer, Secretary S. A. VAULE 

F. S. BLackatu, JR. L. E. WAGNER 


RALEIGH 


Organized: As a Branch, 1923; as a Section, 1927 

Territory: Radius of sixty miles from Raleigh, N. C. 

Place of Meeting: N. C. State College, Raleigh, N. C. 

Local Organization: N. C. Engineering Council, Raleigh Engineers 
Club 

Number of Members: 29 


EXECUTIVE COMMITTEE 


R. P. Kous, Chairman 

E. G. Horrer, Vice-Chairman 

L. L. VAuGHAN, Secretary-Treasurer 
R.S. WitpurR 


V. L. Kenyon, Jr. 
C. E. KercHNer 
H. H. Vancr 


ROCHESTER 


Organized: 1919 

Territory: Radius of thirty miles from Rochester, N. Y. 

Place of Meeting: Rochester Engineering Society Rooms, Sagamore 
Hotel 

Local Organization: Rochester Engineering Society, Sagamore Hotel 

Luncheon Meeting every Tuesday at 12:15 P.M. at Sagamore Hotel 

Number of Members: 97 


EXECUTIVE COMMITTER 


W. D. Sentry, Chairman 
K, B. Castuir, Vice-Chairman 
I. G. McCursney, Secretary-Treasurer 
O. V. SPRAGUE 


Howarp HarpiInG 
M. D. LEE 
C. C. Ross 


ROCK RIVER VALLEY 


Organized: 1926 

Territory: Radius of thirty miles from Rockford, Ill. 
Local Organization: Rockford Engineering Society 
Number of Members: 50 


EX&CUTIVE COMMITTEE 


HerMan HuGLE 


L. H. Greppns, Chairman 
E. P. Gr A. M. JoHNsON 


UTZNER 
W. P. SHEpD 


ST. JOSEPH VALLEY 


Organized: 1929 

Territory: Counties of La Porte, Starke, Pulaski, St. Joseph, 
Marshall, Fulton, Elkhart, and Kosciusko in Indiana, and 
Cass and Berrien Counties in Michigan 

Place of Meeting: Morningside Hotel, South Bend, Ind. 

Local Organization: St. Joseph Valley Engineers’ Club 

Number of Members: 25 


EX&CUTIVE COMMITTEE 


C. R. Apams, Chairman K. W. Knorr, Secretary-Treasurer 


C. C. Wincox 
ST. LOUIS 
Organized: 1909 
Territory: Radius of thirty miles from St. Louis, Mo. 


Place of Meeting: Place varies 
Local Organization: Engineers’ Club of St. Louis 
Number of Members: 201 


Exncutive CoMMITTER 


R. M. Boyies 
E. W. Davis 
A. L. HeintzE 


Davin Larkin, Chairman 
R. C. Tuumssr, Vice-Chairman 
E. H. Sacer, Secretary-Treasurer 


SAN FRANCISCO 
Organized: 1910 
Territory: All territory north of the northern boundaries of the 
counties of San Luis Obispo, Kern, and San Bernardino 
Place of Meeting: Engineers’ Club, 206 Sansome St. 
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Luncheon Meetings every Thursday at 12:00 noon at the Engineers’ 
Club 

Local Organization: 

Number of Members: 


San Francisco Engineers’ Club 
328 


EXECUTIVE COMMITTER 


H. B. LANGILLE 
C. F. Lewis 
G. H. Rairr 


FRANK Couns, Chairman 
R. L. GrutzMacHer, Vice-Chairman 
K. B. Anperson, Secretary-Treasurer 
L. WASHINGTON 


SAVANNAH 


Organized: 1923 

Territory: Radius of 125 miles from Savannah in Georgia 

Place of Meeting: Savannah Hotel 

Local Organization: Engineers’ Council of Savannah Chamber of 
Commerce 

Number of Members: 16 


EXECUTIVE COMMITTEE 


D. E. Kexon, Chairman F. M, Exupy 
B. J. Sams, Vice-Chairman A. M. OrMoND 
T. R. Jonzs, Secretary L. C. Rorsei 


SCHENECTADY 


Organized: Asa Branch, 1919; as a Section, 1927 
Territory: Radius of thirty miles from Schenectady, N. Y. 
Place of Meeting: Edison Club Hall 

Number of Members: 151 


EXEcuTiIve CoMMITTBE 


J. G. FAIRFIBLD 
A, J. LARRECQ 
A. I, Lipprz 


A. J. Nerap, Chairman 
B. O. Buckuanp, Secretary 
J. E. ANDERSON 

E. L. Roprnson 


SUSQUEHANNA 

Organized: 1927 

Territory: Counties of Cumberland, Dauphine, Lebanon, Adams, 
York, and Lancaster 

Place of Meeting: Engineering Society of York 

Local Organization: Engineering Society of York and Engineers’ 
Society of Pennsylvania 

Number of Members: 72 


EXECUTIVE COMMITTEE 


ALFRED JoNES, Chairman E. D. CLARK 
C. G. A. Scumipt, Jr., Vice-Chairman A. BOWMAN SNAVELY 
H. B. Martin, Secretary O. G. WHEAT 


SYRACUSE 
Organized: 1920 
Territory: Radius of thirty miles from Syracuse, N. Y. 
Place of Meeting: Ball Room of the Onondaga Hotel 
Local Organization: The Technology Club of Syracuse 
Number of Members: 90 


EXECUTIVE COMMITTEE 


S. T. Hart, Chairman 

M. B. Moyrnr, Vice-Chairman 

E. W. ZimMEerMAN, Secretary- 
Treasurer 


D. V. SHErLann, Assistant Secretary 
D. W. DimrenDoRF 

R. C. Pau 

M. F. WitiiamMs 


TOLEDO 


Organized: 1920 

Territory: Radius of thirty miles from Toledo, Ohio 

Place of Meeting: “University Club, Toledo, Ohio 

Local Organization: Affiliated Technical Societies of Toledo 
Number of Members: 46 


EXECUTIVE COMMITTEE 


H. H. Kerr, Chairman H. W. Carter 

R. M. Barcu, Vice-Chairman C. C, EELzs 

C. W. Kirscu, Secretary-Treasurer C. R. Pomproy 
C. B. ScHAFER 


RI-19 


TRI-CITIES 
Organized: 1920 
Territory: Radius of thirty miles from Moline, Ill. 
Place of Meeting: Rock Island, Ill., Moline, Ill., and Davenport, 
Iowa 
Luncheon Meeting every Wednesday, Davenport Hotel, 12:00 Noon 
Number of Members: 67 


EXECUTIVE COMMITTEE 


R. M. Barnss, Chairman E. G. Erickson 
J. H. Prorun, Vice-Chairman J. M. HartTMan 
C. A. Caruson, Secretary-Treasurer W. P. Hunt 
UTAH 
Organized: 1923 
Territory: State of Utah 
Place of Meeting: University Club, Salt Lake City 
Local Organization: Utah Society of Engineers 
Number of Members: 30 
EXECUTIVE COMMITTER 
W. J. Corn, Chairman A. C. Moorn 
J. D. Roperts, Vice-Chairman E. W. Pace 
M. B. Hoean, Secretary-Treasurer W.H. Trask, JR. 


UTICA 
Organized: 1920 
Territory: Radius of thirty miles from Utica, N. Y. 
Local Organization: Mohawk Valley Technical Club 


Number of Members: 12 


EXECUTIVE COMMITTEE 


Rex WITHERBEE, Secretary-Treasurer 
W. J. CLEMENT 


E. G. Munson, Chairman 


VIRGINIA 
Organized: 1919 
Territory: State of Virginia 
Place of Meeting: Richmond, Norfolk, Charlottesville, Roanoke, 


University, Petersburg 
Local Organization: Central Virginia Engineers Club 
Number of Members: 115 


EX§CUTIVE COMMITTER 


E. B. Norris, Chairman C. H. Harris 
A. F. Keane, Vice-Chairman J. B. Jonzs 

J. B. Jonus, Secretary E. F. Kroner 
N. W. Conner, Treasurer E. W. Mriuuar 
F. F. GRosmCcLOSE F. T. Morse 


J. B. Woopwakp, JR. 


WASHINGTON, D. C. 


Organized: 1919 

Territory: District of Columbia 

Place of Meeting: Auditorium, Potomac Electric Power Co., 10th 
& E Sts., Washington, D. C. 


Number of Members: 184 


EXECUTIVE COMMITTHE 


M. E. Wescuier, Chairman J. G. ADAIR 

M. X. WiLBerRDING, Vice-Chairman H. N. Eaton 

J. Fuuton Fox, Secretary-Treasurer W. B. ENSINGER 
M. E. Porter 
WATERBURY 

Organized: 1917, as a Branch of Connecticut Section; reorganized 


as a Section, 1923 
Territory: Litchfield County and a portion of New Haven County 
Place of Meeting: Waterbury Club 
Number of Members: 75 


EXECUTIVE COMMITTEE 
L. G. Ban 


E. J. Daty, Sr. 
M. J. Dempspy 


R. L. Pauatine, Chairman 
A. L. Davis, Vice-Chairman 
C. W. Rusu, Secretary-Treasurer 


R. C. Parry 


REL-20 
WESTERN MASSACHUSETTS 
Organized: 1922 
Territory: Includes counties of Berkshire, Franklin, Hampden, and 
Hampshire 


Place of Meeting: Highland Hotel, Springfield, Mass. 
Local Organization: Engineering Society of Western Massachusetts 
Number of Members: 119 


EXCUTIVE COMMITTEE 


R. L. Bosworts, Chairman P. W. BipweLu 
E. Lovetui Smirx, Vice-Chairman C. E. Maynarp 
L. G. Caruton, Secretary-Treasurer C. B. Muzzy 


WESTERN WASHINGTON 


Organized: 1919 

Territory: State of Washington west of the Columbia River with 
the exception of the territory included in the thirty-mile radius 
of Portland, Ore. 

Place of Meeting: Engineers’ Club, Arctic Bldg., Seattle, Wash. 

Local Organization: Seattle Engineers’ Club 

Luncheon Meetings daily at noon at Engineers’ Club, Seattle, Wash. 

Number of Members: 79 


EXEcuTIvVE COMMITTEE 


BR. O. Eastwoop, Chairman D. F. BARTHOLET 
W. R. Grsson, Vice-Chairman F. B. Len 
R. L. Dyrr, Secretary-Treasurer R. E. WALTER 


G. S. W1Lson 


WEST VIRGINIA 
Organized: 1925 
Territory: State of West Virginia 
Place of Meeting: Charleston, W. Va. 


Number of Members: 69 


EXECUTIVE COMMITTER 


E. L. 
J.F.M 


Hupson, Chairman P. E. Bicony, Acting Secretary 
ALLOY, Secretary-Treasurer C. E. Buiven 
AnpDREw Hii 


WORCESTER 


Organized: 1915 

Territory: Radius of thirty miles from Worcester, Mass. 

Place of Meeting: Rooms of the Worcester Engineering Society 
Local Organization: Worcester Engineering Society 

Number of Members: 151 


EXECUTIVE COMMITTEE 


H. W. Downs 
RosBert ERICKSON 
T. L. F. Larrson 
Orro MuLLER 

F. W. Roys 


S. N. McCasuin, Chairman 
W. S. Snow, Secretary-Treasurer 
H. W. H. Beru 
A. H. BLackBuRN 
E. H. Carrouu 
H. C. Cuayton, Ex-Officio 


YOUNGSTOWN 
Organized: 1928 
Territory: Counties of Trumbull, Mahoning, and Columbiana in 
Ohio, and Mercer and Lawrence in Pennsylvania 
Place of Meeting: Central Y.M.C.A., Youngstown, Ohio 
Number of Members: 57 


EX&rcuTiIve COMMITTEE 


E. O. Oyrn, Chairman N. C. Hunt 
W. K. McArer, Vice-Chairman H. OvrsEn 
J. L. Wick, Jr., Secretary-Treasurer G. A. Pues 
Srarrorp ADAMS G. S. WARREN 


Special Research Committees 
(Personnel of Standing Committees, p. 6) 
LUBRICATION 


Appointed October, 1915, to investigate the fundamental problems of 
lubrication, to formulate results of investigations previously 
made, and to keep in touch with contemporary research 
in this field 
The Committee is now being reorganized. 


/ 
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FLUID METERS 


Appointed 1916 to develop the theory of fluid meters of all kinds and to 
report on the best methods for their installation and use 


(Reorganized July, 1926) 


R. J. S. Preorr, Chairman Louis Gress 

J. R. Caruton, Secretary T. H. Kerr 

H. S. Bean W.S. Parpor 

S. R. BeirLter E. S. Smiru, Jr. 

R. K. Buancuarp R. E. SpRENKLE 

G. D. ConLEE E. C. M. Srann 

W. W. FrYMoYER T. R. WeymoutTH 


THERMAL PROPERTIES OF STEAM 


Appointed in December, 1921, to direct research on the thermal properties 
of water-vapor and steam from O C to the upper limits of 
temperature and pressure 


(Reorganized April, 1929) 


G. L. Bournn, Chairman D. 8. Jacosus 
W.L. Assorr, Vice-Chairman J. H. Keenan 
H. N. Davis F. G. Keyrs 

H. C. Dickinson L. S. Marks 
ALEX Dow G. A. OrRoK 

A. M. GrreEnge, JR. R. J. 8S. Preorr 
R. C. BH. Hack H. V. RasMussEN 


E. L. Ropinson 


STRENGTH OF GEAR TEETH 


Appointed in December, 1921. Is investigating factors affecting the 
strength and life of gear teeth 


R. E. Fuanpers, Chairman A. M. GREEN®, JR. 


C. H. Loeur, Secretary C. W. Ham 
C. G. Barta F. E. McMuuten 
EarLe BucKINGHAM E. W. MiIuurr 


Ernest WILDHABER 


CUTTING OF METALS 


Appointed in September, 1923. Is studying the problems of metal 
cutting, including tool materials, tool design, lubrication, 
cooling, and speeds and feeds 


R. C. DEALE 

A. L. DeLrruw 
Maucoim JuDKINS 
R. D. ProssER 


CoLEeMAN SELLERS, 3D, Chairman 
L. N. Guuicx, Secretary 

L. P. ALrorp 

O. W. Boston 


ELEVATOR SAFETIES 


Appointed June, 1924, as a subcommittee of the Sectional Committee 
on Safety Code for Elevators, to study the function and operation 
of elevator safeties and buffers and their associated 
mechanisms and to develop methods of test for 
the approval of elevator safety devices 


O. P. Cummines, Vice-Chairman M. G. Luoyp 
J. A. Dickinson, Secretary J. J. Matson 
Bassetr JONES M. B. McLautsuin 
S. W. JonEs W. S. Pains 


D. L. Linpquist S. F. VoorHEss 


MECHANICAL SPRINGS 


Appointed December, 1923, to determine the status of the mechanical- 
spring art, to promote and conduct necessary and adequate 
research, and to develop the art to the point of 
standardization 


A. N. LUKENS 

D. J. McApam, JR. 

R. E. Pererson 

J. B. Reynoups 

J..W. RockEFELLER, JR. 
B. W. St. Cuatr 


J. R. TowNnsenp, Chairman 
C. T. Epcrerton, Secretary 
C. BE. Barsa 

W. G. BRoMBACHER 


W. T. Donkin 


RupPEN EKSERGIAN M. F. Sayre 
G. E. Hansen Keita WILLIAMS 
BENJAMIN LIEBOVITZ J. Kays Woop 


F. P. ZimMERui 
O. B. ZiImMpRMAN 


Davip Lorts 
(R. D. Brizzovara, Alternate) 


 —. 


SOCIETY RECORDS 


EFFECT OF TEMPERATURE ON THE PROPERTIES OF 
METALS 


Appointed December, 1924, as a joint research committee of the A.S.T.M. 
and the A.S.M.E. to encourage the investigation and accumulation 
of data on the properties of metals used in the mechanic arts 
at extremely high and low temperatures 


A.S.M.E. Members (Total personnel, 49) 


H. J. Frencu, Chairman H. J. Kerr 

N. L. Mocuatu, Secretary C. L. Kinney, JR. 
A. D. BatLey H. W. Maackx 

F. E. Bass C. E. MacQuice 
R. A. Buu J. A. MatTHEws 
E. 8. Drxon P. E. McKinney 
H. W. Giu.ett E. L. Roginson 
Louis JoRDAN : A. E. WHITE 


BOILER FEEDWATER STUDIES 


Appointed March, 1925, as a Joint Research Committee of the American 
Boiler Manufacturers Association, American Railway Engineering 
Association, American Water Works Association, Edison 
Electric Institute, the American Society for Testing 
Materials, and the A.S.M.E., to study methods of 
analysis and treatment of boiler feedwater for 
stationary and railroad practice 


A.S.M.E. Members (Total personnel, 50) 


W. L. AsBBorr A. L. PENNIMAN, JR. 
S. B. AppLEBAUM E. B. PowEuu 
A. D. Battery T. E. PurceLu 
{A. G. CurisTIEn TC. W. Ricz 
H. C. DInGER F. N. SpELLER 
D. K. Frence Kurt ToENnsFELDT 
R. E. Haru J. H. WALKER 
J. A. Hotmns tA. E. WuiTE 
{C. F. HrrsHre_p J. D. Yoprr 


CONDENSER TUBES 


Appointed May, 1926, to investigate and report on the causes of failure 
of tubes used in steam condensers and similar heat interchange 
apparatus 


A. BE. Waits, Chairman C. F. HirsHreLp 


Bert Houcuton, Vice-Chairman G. C. HoLpEr 
P. A. BANCEL H. W. Leitce 
D. K. Crampton E. F. MiLier 
H. M. CusHine W. B. Price 
R, E. Ditton M. F. Stack 
B. J. FRASER H. A. STAPLES 


W. R. WEBSTER 
Director, BuRBAU OF ENGINEER- 
inc, U. S. Navy DEPARTMENT 


O. 

J. R. FREEMAN, JR. 
V. M. Frost 

C. F. Harwoop 


BOILER FURNACE REFRACTORIES 


Appointed June, 1925, to determine the principal factors governing the 
failure of refractories in various types of installations, to subject 
these factors to detailed experimental analysis, to undertake 
the formulation of suitability tests and, if necessary, 
to attempt to develop a suitable refractory to 
meet the needs of severe service 


N. E. Lewis 
J. 8S. McDowe.Lu 

(F. A. Harvey, Alternate) 
S. J. McDowxzLu 


> 


ARTER, Chairman 


HPOQOPOSZ ROMS 


ie 

A. 

C 
. H. FuULWHILER Percy NIcHOLLS 
B. GRADY S. M. Pores 
A. HeInpDL E. B. PowELu 
F. HirsHFeLD R. A. SHERMAN 
P. Hoop R. B. Sosman 
K. Hurs# L. J. TRosTeEL 

a G. B. WILKES 


VELOCITY MEASUREMENT OF FLUID FLOW 


Appointed November, 1927, to sponsor the development of an absolute 
method for determining the velocity of the flow of fluids by 
means of the location of nodal points in wave systems 


W. F. Duranp, Chairman T. R. WeyMoutTH 


{ Official A.S.M.E. representatives serving on this committee. 
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WORM GEARS 


Appointed May, 1927, to investigate certain problems in connection 
with the action of worm gear drives and to recommend 
improvements in their design, manufacture, and use 


Earute BuckineHam, Chairman A. A. Ross 


G. H. AckrrR B. F. WatTeRMAN 
L. R. BucKENDALE REPRESENTATIVE OF BUREAU 
W. H. Himes oF ENGINEERING, U.S. Navy 


D. L. Linpauist DEPARTMENT 


MEASURES OF MANAGEMENT 


Appointed March, 1928, to attempt the reconciliation of certain economic 
laws affecting production, to develop formulas for management, 
and to collect and report information on management research 


T. H. Brown 
R. C. Davis 
G. E. HaGEMANN 


W. E. FREELAND, Chairman 
F. E. Raymonp, Secretary 
J. H. BARBER 


ABSORPTION OF RADIANT HEAT IN BOILER FURNACES 


Appointed April, 1928, to make a study of the absorption of radiant 
heat in boiler furnaces with the purpose of developing 
recommendations on improved furnace design 


W. J. WoHLENBERG, Chairman E. L. Linpseta# 
EB. G. Baitny G. A. OrRoK 

R. M. Gates R. J. S. Prcorr 
C. W. Gordon Joun VAN Brunt 


STRENGTH OF VESSELS UNDER EXTERNAL PRESSURE 


Appointed June, 1929, to develop reliable design data on the strength of 
cylindrical and spherical surfaces under external pressure, 
particularly with reference to jacketed vessels 


W. D. Hausry, Chairman 
A. J. Evy 

Tuomas GRISWOLD, JR. 
F. V. HartTMAn 

T. McL. Jasppr 

A. W. Limont, JR. 


Car RigpoN 
H. E. SAUNDERS 
E. E. SHANOR 
J. H. Taytor 
(F. S. G. Wiuiiams, Alternate) 
D. B. WzsstrRom 
D. F. WINDENBURG 


WIRE ROPE 


Appointed April, 1930, to study the factors affecting the life of wire 
rope so that it may be better understood and more 
effectively used 


A. H. McDovueatu 
B. V. E. NorpBere, Jr. 


W. iH. Fuuweiier, Chairman 
W. M. BacEer 


H. LeR. Brink W.S. PAINE 

D. L. Linpquist W. J. Ryan 

G. W. Martin GEORGE SIMPSON 
C. A. McCune L. E. Youne 


HEAVY DUTY ANTI-FRICTION BEARINGS 


Appointed March, 1929, to investigate the possibilities and limitations 
of anti-friction bearings when applied to roll necks of rolling 


mills 
W. Trinks, Chairman W. R. CiuarK 
J. H. Hirescock, Secretary H. H. Tausor 
H. E. BRUNNER S. M. WEcKSTEIN 
H. A. WINNE 


REMOVAL OF ASH AS MOLTEN SLAG FROM 
POWDERED-COAL FURNACES 


Appointed March, 1929, to investigate the adding of fluxes as a means 
of increasing the fluidity of slag in boiler furnaces and thus 
permit its removal at operating furnace temperatures 


C. F. HirsHreLp 
Percy NIcHOLLS 
EK. B. PowEiu 
P. B. Rice 


K. M. Irwin, Chairman 
ANDREW CARNEGIE 

T. G. CoGHLuan 

H. M. CusHiIne 
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AUTOMATIC OIL PIPE LINE PUMPING STATIONS 


Authorized March, 1980, to develop methods of automatic control for oil 
pipe line pumping stations 

J. M. McGrecor 

J. B. McManon 

R. L. MippLeTon 


W. G. Herzen, Chairman 
J. N. Hunter, Vice-Chairman 
T. D. WituiamMson, Secretary 


W.S. Bauex O. L. OtsEn 

W. C. DREYER WILLIAM PARKERSON 
W. iH. Extiot W. R. Rep 

J. B. Forp F. A. STIVERS 

L. T. Gress W. H. STUEVE 

F. A. GRAHAM Frrp THILENIUS 

C. F. Guinn J. B. THomas 

A. N. Horne F. E. WAarTE FIELD 


J. K. McGotprick Oscar WOLF 


PRIME MOVERS FOR ROTARY DRILLING OF OIL WELLS 


Approved by Council January 10, 1931, to investigate existing types of 
prime movers used for rotary drilling of oil wells as to their 
relative efficiencies, costs of operation, and general satisfaction 


D. L. Trax, Chairman W. H. Carson 
RAYMOND CARR R. R. Hawkins 
H. W. Manupy 


CRITICAL PRESSURE STEAM BOILERS 


Appointed June, 1981, to study the characteristics of high-pressure 
forced-circulation steam-generating units 


A. A. PortEr, Chairman C. H. Fritutows 
W. H. ArmMacost A. M. Houspr 
A. D. Battpy H. J. Kerr 

E. G. Bartpy G. A. OrRoK 

A. G. CHRISTIB H. L. SotBere 
F. S. Cuark P. W. THomMPson 


SAMPLING PULVERIZED FUEL IN A MOVING GAS STREAM 


Appointed November, 1932, to investigate the present methods of sampling 
pulverized fuel and to evolve a generally satisfactory method 
that may be adopted as a standard 


J. C. Harpiae 

H. J. Kuorz 
Henry KREISINGER 
J. W. McKenzizp 
W.S. Morrison 
G. B. RANDALL 

R. C. Ror 

E. H. Tenney 


K. M. Irwin, Chairman 
F. M. Grsson, Secretary 
JoHN BLIZARD 

OLLISON CRAIG 

M. D. Eneie 

C. 8. GuappEN 

A. BE. GruNERT 

R. M. HarpGrove 


COTTON SEED PROCESSING 


Appointed December, 1932, to study the mechanical problems involved 
in storing, conditioning, and cooking cotton seed meats 


W. D. Epwarps 
C. E. GARNER 
B. J. Sams 


W. R. Wootricn, Chairman 
Homer Barnes 
E. L. CARPENTER 


ASME. Representatives on Other Research Committees 
See also A.S.M.E. Representatives on Other Activities, page 30 


CORROSION COMMITTEE 


American Society of Refrigerating Engineers 
(To be appointed) 


FATIGUE PHENOMENA OF METALS 


American Society for Testing Materials 
W. R. WezBster 


HEAT-TREATMENT OF ROCK DRILL STEELS 


Advisory Board of the Bureau of Standards and Bureau of Mines 
(To be appointed) 
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HIGHWAY RESEARCH 


Advisory Board of National Research Council 
J. G. Berequist 


NATIONAL COMMITTEE ON WOOD UTILIZATION 


Department of Commerce, National Bureau of Standards 
A. E. Haun 


NON-FERROUS METALS AND ALLOYS 


Advisory Committee to the National Bureau of Standards 
C. H. BrrrBaum 


PROPERTIES OF REFRACTORY MATERIALS 


Advisory Committee to the National Bureau of Standards 
E. B. PowEiu 


Standardization Technical Committees 


(Personnel of Standing Committee, p. 6) 


SHAFTING 
*Sole sponsorship. Organized October, 1918 
A.S.M.E. Members (Total personnel, 16) 


tC. M. Cuapman, Chairman L. C. Morrow 
tA. A. ApLER C. W. Spicur 
E. E. Greve 1G. N. VanDrerHoEF 


H. C. E. Mnyrer TL. W. Wiuirams 


BALL AND ROLLER BEARINGS 


*Jount sponsorship with the Society of Automotive Engineers. 
Sectional Committee organized December, 1920 


A.S.M.E. Members (Total personnel, 18) 


}W. P. Kennepy, Vice-Chairman F. G. Hueuss 
{G. R. Borr 1G. E. Huusz 

H. E. BRuNNER L. F. NENNINGER 
F, H. BuniuMANnN tA. E. Norton 

L. A. CuMMINGS ERNEST WOOLER 


GEARS 


*Joint sponsorship with the American Gear Manufacturers Association. 
Sectional Committee organized June, 1921 


A.S.M.E. Members (Total personnel, 32) 


B. F. WaterMAn, Chairman 
}Earity BuckineHam, Vice-Chairman 
G. H. Ackrr 

L. H. Fry 


C. B. HamItton 

D. T. Hamitton 

O. A. LnuTwiILER 

G. L. Markuanp, JR. 
H. E. VexsLAGE 


BOLT, NUT, AND RIVET PROPORTIONS 


*Joint sponsorship with the Society of Automotive Engineers. 
Sectional Committee organized March, 1922 


A.S.M.E. Members (Total personnel, 52) 


+A. E. Norton, Chairman H. P. Frear 
F. C. Brnuines HerRMAN KompstER 
B. G. BRAINE 8S. F. NewMan 
(D. L. Bratnz, Alternate) R. J. WHELAN 
ELLwoop BurpsaLu E. M. Wuaitine 
G. 8. Cas V. R. WitLoucHBy 
T. G. Crawrorp (J. J. McBripn, Alternate) 


O. B. ZIMMERMAN 


* Note: All of the Standards Committees for which the Society 
is Sponsor, Joint Sponsor, or on which it has representation, are 
organized under the procedure of the American Standards Association. 

{ Official A.S.M.E. representatives serving on this committee. 
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PIPE FLANGES AND FITTINGS 


*Joint sponsorship with the Heating, Piping, and Air Conditioning 
Contractors National Association and the Manufacturers 
Standardization Society of the Valve and Fittings 
Industry. Sectional Committee organized 
October, 1921 
A.S.M.E. Members (Total personnel, 53) 


{C. P. Buss, Chairman M. B. MacNeILLE 
J. J. Harman, Secretary F. H. MorpxEaD 


{Lester BENnoitT +E. L. MoreLanp 

SaBin CROCKER {W. S. Morrison 
FrerRDINAND FINK L. S. Morse 

H. E. Hatter C. W. Mowry 

J. S. Hess (A. L. Brown, Alternate) 


A. L. Pennman, JR. 
WALTER SAMANS 


{N. S. Hitt, Jr. 
Francis HopGKINSON 


+H. A. Horrer tJ. R. TANNER 
A. M. Hovuszr J. H. Taytor 
D. 8. Jacosus H. L. UNDERHILL 
L. H. JEnNKS G. W. Watts 
W. R. KreMEeR J. H. Wiii1ams 
JoHN KNICKERBACKER J. H. Zink 


SCHEME FOR IDENTIFICATION OF PIPING SYSTEMS 


*Joint sponsorship with the National Safety Council. 
Sectional Committee organized June, 1922 


A.S.M.E. Members (Total personnel, 31) 


W. L. BUNKER A. K. OumES 
Crossy FIBup A. L. PENNIMAN, JR. 
Wiis LAWRENCE H. 8. Smira 


{W. S. Morrison F. N. Sper 


SMALL TOOLS AND MACHINE TOOL ELEMENTS 


*Joint sponsorship with the National Machine Tool Builders Association 
and the Society of Automotive Engineers. Sectional Committee 
organized September, 1922 


A.S.M.E. Members (Total personnel, 25) 


C. W. Spicrr, Chairman K. H. Convir 
F. O. Hoacuanp, Vice-Chairman S. A. EInsTEIN 
F, S. Buackatu, JR. +H. E. Harris 
O. W. Boston J. E. Lovety 
E. J. BRYANT {Simon MacKay 


TW. C. MuELLER 
+E. R. Norris 


EarLe BuckINGHAM 
{F. H. Cotvin 
ERIK OBERG 


TECHNICAL ComMITTEE No. 1 on T-SLots 


A.S8.M.E. Members (Total personnel, 11) 


Erix OBere, Chairman S. A. EINSTHIN 
E. P. BuRRELL R. T. Hazeiton 
Harry CADWALLADER, JR. F. O. HoaGuanpD 
HERMAN CASLER E. R. Norris 


TrcanicaL Commitren No. 2 on Toot Houppr SHanks AND TooL 
Post OPENINGS 
A.S.M.E. Members (Total personnel, 13) 


E. P. BuRRELL +O. W. Boston 
R. R. WEDDELL 


TrcounicaL CommitrErn No. 3 on MacHINE TAPERS 


A.S.M.E. Members (Total personnel, 20) 


F. S. BuackaL., Jr., Chairman H. E. Harris 


tE. J. Bryant {F. O. HoaGuanp 
JEarte BuckInGHAM J. H. Horiegan 
B. P. GRAVES A. H. Lyon 
F, H. Cotvin L. F. NENNINGER 
J. B. Drtuarp C. W. Spicer 


TrecunicaL CommiTten No. 4 on SPINDLE Noses AND 
Couupts FoR Macuinge Toous 


A.8.M.E. Members (Total personnel, 26) 


J. E. Lovery, Chairman M. E. Lance 

L. F. NENNINGER, Secretary A. H. Lyon 

B. P. GRAVES J. H. MANSFIELD 
F. O. HoaGuanp H. W. Ruprew 
A. M. JoHNSON L. D. Sppnce 


TECHNICAL CoMMITTHE No. 5 oN MILLING CUTTERS 


A.S.M.E. Members (Total personnel, 21) 


tA. N, Gopparp E. K. Morean 

J. H. HoriGan +ERIK OBDRG 

G. L. MarKLAND, JR. C. J. OxrorpD 
EB. D. Vaneiu 


TECHNICAL CoMMITTED No. 6 oN DESIGNATIONS AND WORKING 
Raness or Macuine Toous 


A.S.M.E. Members (Total personnel, 19) 
K. H. Conpit, Chairman B. P. Graves 
EarLE BUCKINGHAM J. J. McBripve 
T. H. Doan E. R. Smite 
TECHNICAL CoMMITTEE No. 7 on Twist DrRiuu Si1zEs 


A.S.M.E. Members (Total personnel, 8) 


W. C. Muxuumr, Chairman J. H. Horiean * 
C. W. Spicer 


TECHNICAL COMMITTEE No. 8 on J1G BUSHINGS 
A.S.M.E. Members (Total personnel, 8) 


C. R. Aupgn, Secretary W. C. MUELLER 
J. H. Hortean C. J. Oxrorp 
H. E. Wetts 
‘TECHNICAL CoMMITTEE No. 9 on PuncH Press Too.is 
A.S.M.E. Members (Total personnel, 16) 
D. H. CHason H. E. Harris 
A. J. CUMMINGS W. C. MuELLER 
N. W. Dorman H. E. Weis 


TrcunicaL Commirrern No. 10 on CircuLar FormMINnG 
Toots AND Houp»rs 


A.S.M.E. Members (Total personnel, 9) 


W. C. Mueruier, Chairman D. H. MontGoMERY 
Wiiuiam HartMan L. D. SpeNcE 
H. E. WrEtis 


TrcunicaL Commitren No. 11 on Cuucks AnD Cuuck Jaws 


A.S.M.E. Member (Total personnel, 9) 
J. E. Lovey, Chairman 


TrcunicaL Commirren No. 12 on Cur anp Grounp THREAD Taps 


A.S.M.E. Member (Total personnel, 7) 
W. C. MunLunR 


TrcunicaL Commirren No. 13 on SPLINES AND SPLINED SHAFTS 


A.S8.M.E. Members (Total personnel, 12) 
R. E. W. Harrison 
F. O. HoaauanpD 


C. W. Spercer, Chairman 
W. F. GRoENE 
B. F. WATERMAN 


TrcunicaL Commirren No. 14 on Evectric Wuipine Dins 
AND ELECTRODE HOLDERS 
A.S.M.E. Members (Total personnel, 15) 


Lewis FINE N. McD. Loney 


TrounicaL Commirren No. 15 on Minuine Macuine Tass 
A.S.M.E. Members (Total personnel, 5) 


B. P. GRAVES L. F. NENNINGER 


TrcuntcaL Commirren No. 16 on Roratine Toon SHANKS 
A.S.M.E. Members (Total personnel, 19) 


E. J. Bryant, Chairman E. W. Howz 
J. H. Hortean, Secretary W. C. MuBLuER 
J. B. Druuarp C. J. OxFrorpD 


H. E. Weis 


TrcHNICAL CommittErn No. 17 on NOMENCLATURE 


A.S.M.E. Members (Total personnel, 15) 


O. W. Boston, Secretary 
F. S. Birackatu, JR. 


F. H. Cotvin 
H. E. Harris 


F. O. HoaGuanpD 


/ 
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Ex-Officio Members 


C. R. ALDEN 
B. P. GRAVES 
A. N. Gopparp 


C. J. OxFORD 
C. W. Spicer 
H. E. Weis 


TECHNICAL CoMMITTEER No. 18 on MULTIPLE SPINDLE 
Drituing Hwaps 


A.S.M.E. Member (Total personnel, 9) 


H. E. Weis 


TrcHNiIcaL Committern No. 19 on Sineitp Pornt Curtine Toors 
A.S.M.E. Members (Total personnel, 2) 


F. H. Cotvin, Chairman 


O. W. Boston, Secretary 


SCIENTIFIC AND ENGINEERING SYMBOLS AND 
ABBREVIATIONS 


*Joint sponsorship with the A.S.C.H., AJ.E.E., A.A.A.S.,and S8.P.E.E. 
Sectional Committee organized January, 1926 


A.S.M.E. Members (Total personnel, 33) 


S. A. Moss, Vice-Chairman 
R. M. ANDERSON 


(E. P. Warner, Alternate) 


K. H. Conpit 
tH. N. Davis 
{(R. J. S. Prcorr, Alternate) 


PLAIN AND LOCK WASHERS 


*Joint sponsorship with the Society of Automotive Engineers. 
Sectional Committee organized August, 1925 


A.S.M.E. Members (Total personnel, 38) 


+S. G. Barrs 
EvuGENE CALDWELL 
T. G. CRAWFORD 
+B. S. Lewis 

C. H. Lourrei 


J. J. McBripp 
H. C. E. Meyer 
E. H. Warine 

E. M. Wartina 
O. B. ZIMMERMAN 


DRAWINGS AND DRAFTING ROOM PRACTICE 


*Joint sponsorship with the Society for Promotion of Engineering 
Education. Sectional Committee organized July, 1926 


A.S.M.E. Members (Total personnel, 52) 


. DR. 
. K®UFFEL, Secretary 
. COOLIDGE 
. CRAWFORD 
. FLETCHER 
F 


ALFRED IDDLES 
{SamurL KetcHum 


FurRMAN, Chairman 


F. R. Lanny 

H. B. LANGILLE 
W. L. McIntosH 
F. W. Mine 


F. C. PANUSKA 
Cart ROSSMASSLER 
TE. S. Smirs, Jr. 


CODE FOR PRESSURE PIPING 


*Sole sponsorship. Sectional Committee organized March, 1926 
A.S.M.E. Members (Total personnel, 75) 


E. B. Ricketts, Chairman 
G. 8. Corrin 

H. C. Cooprer 

SaBin CROCKER 


(J. A. WALKER, Alternate) 


H. D. Epwarps 
C. A. Exuis 
CHARLES FITZGERALD 
O. S. HaGeERMAN 
H. E. Hatuer 
J. J. HARMAN 
J.S. Have 

(E. B. Severs, Alternate) 
J. S. Hess 
H. A. Horrer 
G. G. Hours 
tA. M. Housmr 
{ALFRED IppLES 
J. H. LAwRENCcE 
M. B. MacNeILuEe 
G. W. Martin 
H. C. E. Meyer 


QA4HI4UKO TOOOPam> gs! 
Oc gO tint 


J. W. Moorp 

F. H. MorpuErap 
H. H. Morean 

. Morrison 

. MouLpEer 

. Norris 

. ORROK 

. PENNIMAN, JR. 
. RoBrnson 

. SAATHOFF 

. SAURWEIN 

. SMITH 

. H. Moss, Alternate) 
. SPENCER 
. TANNER 

. VANCE 

. WAGNER 

. WHITTEMORE 
. WILLIAMS 

- WOLFE 

. WooDROFFE 


MACHINE PINS 


*Joint sponsorship with the Society of Automotive Engineers. 
Sectional Committee organized March, 1926 


A.S.M.E. Members (Total personnel, 18) 


J. J. McBripp 
H. C. BE. Murer 


1M. E. Steczynsx1, Chairman 
{E. J. Bryant 
O. B. ZIMMERMAN 


GRAPHIC PRESENTATION 


*Sole sponsorship. Sectional Committee organized November, 1926 


A.S.M.E. Members (Total personnel, 36) 
{G. E. Hacemann, Secretary H. G. Crocxstt 


M. F. Bexar E. F. DuBroun 
C. N. BiagELow T. E. Frenca 
Wa.iacn CLARK TD. B. Porter 


TRANSMISSION CHAINS AND SPROCKETS 


*Joint sponsorship with the Society of Automotive Engineers and the 
American Gear Manufacturers Association. Sectional 
Committee organized December, 1926 


A.S.M.E. Members (Total personnel, 15) 


{F. V. Herznu, Chairman tL. V. Lupy 
G. M. Barriert, Secretary TE. B. NicHois 
W. J. BELCHER G. A. Youne 


JOSEPH Joy O. B. ZIMMERMAN 


WIRE AND SHEET METAL GAGES 


*Joint sponsorship with the Society of Automotive Engineers. 
Sectional Committee organized November, 1927 


A.S.M.E. Member (Total personnel, 28) 
J. F. Hown 


PIPE THREADS 


*Joint sponsorship with the American Gas Association. 
Sectional Committee reorganized May, 1927 


A.S.M.E. Members (Total personnel, 39) 


B. H. Bioop W. R. Kremer 
A. F. BREeITENSTEIN A. 8. MILLER 
E. J. BRYANT P. V. Miniter 
E. S. Cornet, Jr. F. H. Morexeap 
J. J. CRorry W. C. Morris 
J. J. HARMAN S. F. NewMan 
tA. M. Houser E. S. SANDERSON 
F. B. HowEtu L. N. SHANNON 
A. H. JARECKI W. D. Sizer 
de oh JOHNSON J. AH. Witirams 
ELECTRIC MOTOR FRAME DIMENSIONS 
*Joint sponsorship with the National Electrical Manufacturers 
Association. Sectional Committee organized November, 1927 
A.S.M.E. Members (Total personnel, 32) 
C. A. ADAMS W. F. Jonzs 
S. A. ErnsTrern A. L. MoHueH 
E. W. Ey P. G. RHoaps 
F. 8. Eneiisu tA. G. TRumMBULL 


tE. H. Warine 


WROUGHT IRON AND WROUGHT STEEL PIPE AND 
TUBING 


*Joint sponsorship with the American Society for Testing Materials. 
Sectional Committee organized April, 1928 


A.S.M.E. Members (Total personnel, 39) 


C. W. Mowry 
TH. B. Oariey 
A. L. PENNIMAN, JR. 
(A. B. Moraan, Alternate) 


H. H. Morgan, Chairman 
SABIN CROCKER, Secretary 
J. B. AStTon 

tA. M. Housrr 


7D. S. Jacosus F. N. SpEuuer 
(F. S. CuarK, Alternate) J. R. TANNER 
W. R. Kremer A. E. Wuitr 


H. C. E. Mrnyer 
F. H. MorpHEeap 


H. LeR. WHItTnNEry 
G. H. Wooprorrr 


/ 
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SPEEDS OF MACHINERY 
*Sole sponsorship. Sectional Committee organized May, 1928 


A.S.M.E. Members (Total personnel, 29) 


tC. M. BicELow H. C. E. Mnynr 
R. C. DraLp Joun Rep 
Pauu DiIsERENS P. G. Raoaps 
F. 8S. EneciisH F. C. SpENcER 
D. C. Jackson O. B. ZiImMpRMAN 


SCREW THREADS FOR HOSE COUPLINGS 
*Sole sponsorship. Sectional Committee organized August, 1928 
A.S.M.E. Members (Total personnel, 22) 


A. L. Brown, Secretary J. J. HARMAN 

{A. F. BreirenstTern (FE. C. Ernst, Alternate) 
W. L. Curtiss A. M. Housmr 

+W. E. DunHamM H. C. E. Mryer 


J. H. WinuraMs 


PLUMBING EQUIPMENT 


*Joint sponsorship with the American Society of Sanitary Engineering, 
Sectional Committee organized August, 1928 
A.S.M.E. Members (Total personnel, 25) 

G. W. Martin 


(A. H. Morean, Alternate) 
+W. R. WezsstTer 


Dd CROTTY, 
O. E. GoLpscHMIDT 


ROLLED THREADS FOR SCREW SHELLS OF ELECTRIC 
SOCKETS AND LAMP BASES 


*Joint sponsorship with the National Blectrical Manufacturers 


Association. Sectional Committee organized March, 1929 
A.S.M.E. Members (Total personnel, 17) 
TE. J. Bryant jEarLtE BuckINGHAM 


{E. S. SANDERSON 


STOCK SIZES, SHAPES, AND LENGTHS FOR HOT AND 
COLD FINISHED IRON AND STEEL BARS 


*Sole sponsorship. Sectional Committee organized April, 1929 
A.S.M.E. Members (Total personnel, 25) 


7L. W. WiuuiaMs 
G. H. WoopRoFFB 
O. B. ZIMMERMAN 


STANDARDIZATION AND UNIFICATION OF SCREW 
THREADS 


*Joint sponsorship with the Society of Automotive Engineers. Sectional 
Committee originally organized in June, 1921. Reor: ganized in 
February, 1929 
A.S.M.E. Members (Total personnel, 35) 

{R. E. Fuanpprs, Chairman +A. M. Houser 

Fart BucxineuaM, Secretary (R. E. Perry, Alternate) 
E. J. Bryant H. C. E. Mnyer 

G. S. Casp 7P. V. Mriuuer 

T. G. CRAWFORD O. B. ZIMMERMAN 


ALLOWANCES AND TOLERANCES FOR CYLINDRICAL 
PARTS AND LIMIT GAGES 


*§ole sponsorship. Sectional Committee originally organized in June, 
1920. Reorganized in September, 1930 


A.S. M. E. Members (Total personnel, 42) 
F. BE. BANFIELD F. O. HoaGuanp 


(E. E. Buaxn, Alternate) N. E. JAcozBi 

F. S. BLacKALL, JR. H. C. E. Mpyrer 

H. E. BRunNER P. V. Mruupr 
(Witi1aM Jerrer, Alternate) W. C. MUELLER 

E. J. Bryant {E. C. Pack 

EARLE BucKINGHAM W. C. ScHOENFELDT 

TF. H. Corvin C. C. StnvEens 

R. E. W. Harrison O. B. ZimMeRMAN 
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PRESSURE AND VACUUM GAGES 
*Sole sponsorship. Sectional Committee organized July, 1930 
A.S.M.E. Members (Total personnel, 42) 


M. D. Enetz, Chairman R. J. Kexau 

tA. W. Lenprrots, Secretary tJ. C. McCunn 

E. J. BRYANT A. H. Morgan 
jJ. P. CavanaucH 1S. A. Moss 

Paut DISERENS H. B. Reynoups 
W. F. Jones C. Z. RoseNCRANS 

W. C. ScHOBNFELDT 
FOUNDRY EQUIPMENT AND SUPPLIES 
* Joint Sponsorship with the American Foundrymen’s Association. 
Sectional Committee organized February, 1931 
A.S.M.E. Members (Total personnel, 23) 

E. S. Carman, Chairman G. F. Jenks 
E. W. Ey A. 8. Pueupes 
F. W. HerenpEEN {H. P. Van Curve 


(F. B. Howe tu, Alternate) O. B. ZimMERMAN 


SPECIFICATIONS FOR LEATHER BELTING 
*Sole sponsorship. Sectional Committee organized February, 1931 


A.S.M.E. Members (Total personnel, 24) 


J. E. RHoaps 

C. A. SCHIEREN 
{C. O. SrREETER 
O. B. ZIMMERMAN 


R. W. CHANDLER 
H. T. Coats 
{R. W. Drake 
Kine HatHaway 


UNIFICATION OF RULES FOR THE DIMENSIONING OF 
FURNACES FOR BURNING SOLID FUEL 


*Sole sponsorship. Sectional Committee organized June, 1933 


A.S.M.E. Members (Total personnel, 20) 

T. A. Marsa 

W. L. Martwick 
J. F. McIntire 
R. H. Rowianp 
{Joun VAN Brunt 


C. BE. Bronson, Temporary Chairman 
W. G. CHRISTY 

Joun HuNTER 

A. J. JOHNSON 

TV. G. Leacu 

OF SURFACE 


CLASSIFICATION AND DESIGNATION 


QUALITIES 


*Joint sponsorship with the Society of Automotiwe Engineers. 
Committee organized May, 1932 


A.S.M.E. Members (Total personnel, 57) 
FF, V. Hartman 


Sectional 


JOHN CETRULE 


J. S. CHAFER F, O. Hoaauanp 
T. G. CRAWFORD H. J. Houtzcuaw 
{R. C. Dnate R. T. Kent 

U. S. EBERHARDT A. H. Lyon 

S. A. ErnstTpin M. J. Rep 

R. F. Gaee F. C. SPENCER 
J. J. HARMAN C. C. STEVENS 
{R. E. W. Harrison J. S. TawREsEY 


C. H. WHITAKER 


ASME. Representatives on Miscellaneous 
Standardization Committees 


See also A.S.M.E. Representatives on Other Activities, page 30 


ACOUSTICAL MEASUREMENTS AND TERMINOLOGY 


*Sponsor body: Acoustical Society of America 


E. E. Free 

(P. H. Brtuuser, Alternate) 
R. V. Parsons 

(J. S. Parkinson, Alternate) 
W. 3B. Waite 

(H. S. Reap, Alternate) 


AMERICAN MARINE STANDARDS COMMITTEE 


Advisory Committee of Department of Commerce 


J. W. Gray 
(H. W. Brown, Alternate) 
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BUILDING CODE COMMITTEE 
Advisory Committee of Department of Commerce 


THORNTON LEWIS 


CLASSIFICATION OF COAL 
*Sponsor body: American Society for Testing Materials 


F. R. WAaDLEIGH 


DRAINAGE OF COAL MINES 


American Mining Congress 
O. M. Pruitr 


*Sponsor body: 


M. J. LipE 
W. M. Wauitr 


ELECTRIC WELDING 


*Sponsor bodies: American Institute of Electrical Engineers and the 
National Electrical Manufacturers Association 


N. McD. Lonny 


ELECTRICAL DEFINITIONS 
* Sponsor body: 
C. H. Berry 


American Institute of Electrical Engineers 
J. V. B. DunR 


FIRE TESTS OF BUILDING CONSTRUCTION AND 
MATERIALS 


*Sponsor bodies: A.S.A. Fire Protection Group, National Bureau of 
Standards, and the American Society for Testing Materials 


E. C. Rack 


FOREST FIRE PROTECTION 
Committee of National Fire Protection Association 
E. H. Davis 


MANHOLE FRAMES AND COVERS 


*Sponsor bodies: A.S.A. Telephone Group and American Society of 


Civil Engineers 
AnTON HANSEN 


Homer RuparD 
MARKING OF OBSTRUCTIONS TO AIR NAVIGATION 


AMERICAN COMMITTEE 
*Joint committee between aviation interests and combined utility interests 


J. E. Wairseck (JEROME LEDERER, Alternate) 


METHODS OF RATING RIVERS 


* Sponsor body: U.S. Geological Survey 
D. W. Mrap 


METHODS OF TESTING WOOD 


U. S. Forest Service and the American Society for 
Testing Materials 


*Sponsor bodies: 


C. M. BiegELow 


MISCELLANEOUS OUTSIDE COAL-HANDLING 


EQUIPMENT 
*Sponsor body: American Mining Congress 


J. H. StRaTTON 


PETROLEUM PRODUCTS AND LUBRICANTS 
*Sponsor body: 


G. B. Karguirz 
(H. J. Masson, Alternate) 


American Society for Testing Materials 


W. F. Paris# 
(S. J. Newps, Alternate) 


PETROLEUM SPECIFICATIONS 
Advisory Board of U. S. Bureau of Mines 
H. A. S. Howarru 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


f 


PREFERRED NUMBERS 
*Special Committee of A.S.A. 
K. H. Conpir 


ROTATING ELECTRICAL MACHINERY 


*Sponsor bodies: American Institute of Electrical Engineers and the 
National Electrical Manufacturers Association 


H. R. Sewer (C. A. Booru, Alternate) 


SPECIFICATIONS FOR CAST IRON PIPE 


*Sponsor bodies: American Gas Association, American Society for 
Testing Materials, American Water Works Association, and 
New England Water Works Association 


G. W. Biaas J. E. Grsson 


SPECIFICATIONS FOR CLEAN BITUMINOUS COAL 


*Sponsor body: American Institute of Mining and Metallurgical 


Engineers 
R. A. SHERMAN (E. L. Linpsetu, Alternate) 


SPECIFICATIONS FOR FUEL OILS 
*Sponsor body: The American Society for Testing Materials 


W. 4H. Burier L. H. Morrison 
Harte Cooxkn Ler SCHNEITTER 
H. W. Dow DENISTOUN Woop 


SPECIFICATIONS FOR MATERIALS FOR USE IN 


MANUFACTURE OF SPECIAL TRACKWORK 
*Sponsor body: American Transit Association 


W. R. HuLBertT 


SPECIFICATIONS FOR AND RECOMMENDED PRACTICE 


IN THE USE OF WIRE ROPE FOR MINES 
*Sponsor body: American Mining Congress 


J. L. HARRINGTON 


SPECIFICATIONS FOR SIEVES FOR TESTING PURPOSES 


American Society for Testing Materials and National 
Bureau of Standards 


D. McM. BLacKBURN 


*Sponsor bodies: 


SPECIFICATIONS FOR TOOL STEEL 
Subcommittee No. XIV of A.S.T.M. Committee A1 on Steel 
O. W. Boston C. M. INnMAN 


VOLUME WATER HEATING 
Committee of American Gas Association 


Mark ResbkK 


Power Test Codes Technical Committees 
(Personnel of Standing Committee, p. 6) 


(1) GENERAL INSTRUCTIONS 
Appointed December, 1918 


Ww KavaNauGuH, Chairman 
A 


Ele C. F. HirsHFELD 
. M. GREENE, JR. 


M. C. Stuart 


(2) DEFINITIONS AND VALUES 


Appointed December, 1918 


+* OR. Low L. S. Marks 


A. C. Woop 


** Deceased January 22, 1936. 


SOCIETY RECORDS 


(3) FUELS 
Appointed December, 1918 
W. J. WoHLENBERG, Chairman F. G. PxHiLo 
E. G. Battny G. 8. Porr 
.B. L. Bore C. R. Riewarps 
L. P. BRECKENRIDGE E. B. Ricketts 
H. W. Brooxs F. M. Rocrrs 
S. B. Fraee E. X. ScHMIDT 
D. M. Myers NicHouas STAHL 
E. N. Trump 
(4) STATIONARY STEAM-GENERATING UNITS 
Appointed December, 1918 
BE. R. Fisu, Chairman ALFRED IDDLES 
C. U. Savorn, Secretary E. B. Powruu 
A. D. BaILpy E. B. Ricketts 


(5) RECIPROCATING STEAM ENGINES 
Appointed December, 1918 


A. G. Curistin, Chairman J. A. HUNTER 
Harte Cooke H. G. MuruLerR 
K. 8. M. Davipson B. V. E. NorpBERG 
HERMAN DIEDERICHS J. F. M. Patirz 
Henrik GREGER A. V. SAHAROFF 
Tuomas Hau A. G. WiTTING 
J. C. WoRKMAN 

(6) STEAM TURBINES 

Appointed December, 1918 
C. H. Brrry, Chairman V. M. Frost 
I. E. Mouurrop, Secretary A. E. GRUNERT 
O. D. H. BENTLEY Francis HopGKINSON 
W. E. CaLtpwELL S. A. Moss 
A. G. CHRISTIE R. O. MULLER 
Hans DAHLSTRAND T. E, Purceiu 


C. C, THomas 


(7) RECIPROCATING STEAM-DRIVEN DISPLACEMENT 


PUMPS 
Appointed December, 1918 
R. D. Haut, Chairman J. E. Gipson 
C. H. ANDERSON G. L. KotiBpre 
BH. H. Brown M. B. MacNEILLE 
J. N. CHESTER D. W. Mrap 
L. A. QUAYLE 


(8) CENTRIFUGAL AND ROTARY PUMPS 


Appointed December, 1918 
W. B. Grecroy, Chairman M. B. MacNEILLE 
'Max SpituMan, Secretary L. F. Moopy 
W. C. Brown F. H. Rocrrs 
W. Mz. WHITE 


(9) DISPLACEMENT COMPRESSORS AND BLOWERS 
Appointed December, 1918 


Pauu Disprens, Chairman J. F. Huvane 
G. T. FruBpeck R. M. Jonnson 
J. F. D. Smire 


(10) CENTRIFUGAL AND TURBO-COMPRESSORS AND 
BLOWERS 


Appointed December, 1918 


A. T. Brown, Chairman J. J. Gros 

E, L. ANDERSON H. F. Hacen 

C. A. BootH Pauut HorrmMan 
W. H. Carrier H. D. Keispy 
L. E. Day A. L. KIMBALL 
E. 8S. Dran L. S. Marks 

Z. G. DreuTscu ArRvVID PETERSON 
S. H. Downs H. F. Scumrpr 
P. E. Goop M. C. SruartT 


(11) COMPLETE STEAM POWER PLANTS 
Appointed December, 1918 


F, M. Van Deventer, Chairman R. A. ForrsMan 
D. S. Wzaa, Secretary V. M. Frost 
W. F. Davipson W. W. JoHNSON 
C. H. FetLtows E. W. Norris 


H. 8. Wuiton 


(12) CONDENSERS, WATER HEATING, AND COOLING 
EQUIPMENT 


Appointed December, 1918 


G. A. Orrox, Chairman J. F. Grace 

P. H. Harpin, Secretary D. W. R. Morean 
C. H. Baker, JR. J. J. MuLuan 

R. N. EXRHART H. B. Reynoups 


P. E. Reynoups 


(13) REFRIGERATING SYSTEMS 
Appointed December, 1918 


G. A. Horne, Chairman N. H. Hitupr 
G. B. Brieut G. T. VoorHEES 
(14) EVAPORATING APPARATUS 
Appointed December, 1918 
E. N. Trump, Chairman BE. A. NEwHALL 

B. N. Bump H. L. Parr 
L. C. Roaurs 
(15) STEAM LOCOMOTIVES 
Appointed December, 1918 
E. C. Scumipt, Chairman G. E. Raoaps 
W. F. Kinsst, Jr. L. K. Srzucox 
H. B. OatTiny W. E. Wooparp 


(16) GAS PRODUCERS 
Appointed December, 1918 


R. H. FernauD C. D. Smita 


H. F. Smira 


(17) INTERNAL-COMBUSTION ENGINES 


Appointed December, 1918 


Max Rortsr, Chairman 
Harte Cooke 


L. B. Jackson 
B. V. E. NorpBERG 
J. H. Suter 


(18) HYDRAULIC PRIME MOVERS 
Appointed December, 1918 


E. C. Hurcuinson, Chairman J. P. GRowpDoN 
C. M. ALLEN T. H. Hoge 
H. L. DoouiTrLe D. J. McCormack 
W. F. Duranp L. F. Moopy 
N. R. Gipson R. V. Terry 
W. M. Wuits 
(19) INSTRUMENTS AND APPARATUS 
Appointed December, 1918 
C. F. Hirsureip, Chairman J. B. GRUMBEIN 
W. A. Carter, Secretary W. H. Kenerson 
C. M. ALLEN E. 8S. Lar 
E. G. Battny E. L. LinpsptH 
H.S. Bean OssBorn MonNETT 
L. J. Briees Ss. A. Moss 
C. R. Cary R. J. 8S. Preorr 
J. D. Davis E. B. RickrrTtTs 
R. E. Ditton W. A. SLOAN 
F. M, FARMER R. B. Smita 


(20) SPEED-RESPONSIVE GOVERNORS 


Appointed December, 1921 


Francis HopGKinson, Chairman 
Harte Cooke 


J. F. M. Patirz 
F. H. Rocers 
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(21) DUST SEPARATING APPARATUS 
Appointed October, 1934 


M. D. Enetn, Chairman J. W. FEHNEL 

J. W. Armour, Secretary H. F. Hacen 

E. L. ANDERSON P. H. Harpvip 

A. D. Batty C. W. HepBERGe 
H. M. Buspar J. H. Lescu 

W. G. CHRISTY H. E. MacomBer 
H. O. Crorr H. B. MeLuer 

J. M. DaLLAVALLE H. C. Murpuy 
Puruiep DRINKER B. F. Truison 


AS ME. Representatives on Other Committees 


See also A.S.M.E. Representatives on Other Activities, page 30 


DEVELOPMENT OF DEFINITIONS FOR THE NET 
CALORIFIC VALUE AND GROSS CALORIFIC 
VALUE OF FUELS 


American Society for Testing Materials 
W. J. WOHLENBERG 


Sponsor body: 


COMMITTEE ON REDEFINING SO-CALLED STANDARD 
TON OF REFRIGERATION 


American Society of Refrigerating Engineers 
G. B. Bricur 


Sponsor body: 


Safety Technical Committees 


(Personnel of Standing Committee, p. 6) 


SAFETY CODE FOR MECHANICAL POWER-TRANSMISSION 
APPARATUS 


*Joint sponsorship with the International Association of Industrial 
Accident Boards and Commissions, National Bureau of Casualty 
and Surety Underwriters. Sectional Committee organized 
February, 1921 


A.S.M.E. Members (Total personnel, 27) 


tC. B. Aurx, Chairman 
P. G. Ruoans, Temporary 


W. J. Hamitton 
{G. M. Naytor 


Secretary W. W. NicHous 
tL. A. DrBuors W. S. Pains 
C. G. Fostsr +tD. C. Wricut 
W. M. Grarr (G. N. VanDeruoer, Alternate) 


SAFETY CODE FOR ELEVATORS 


*Joint sponsorship with the American Institute of Architects and the 
National Bureau of Standards. Sectional Committee organized 
November, 1922 


A.S.M.E. Members (Total personnel, 36) 


O. P. Cummines, Vice-Chairman J. J. Matson 

C. R. Catbaway J.C. McCase 

{D. L. Horsroox M. B. McLaurHuin 
Bassett JONES W.S. Pane 


D. L. Linpauist 


D. J. Purtnton 
N. O. Linpstrom 


S. F. Vooruers 


SAFETY CODE ON COMPRESSED AIR MACHINERY AND 
EQUIPMENT 


*Joint sponsorship with the American Society of Safety Engineers— 
Engineering Section, National Safety Council. Sectional 
Committee organized May, 1923 


A.S.M.E. Members (Total personnel, 23) 


. L. Royrer, Chairman 


D W. M. Grarr 
H. D. Epwarps 


W. J. Gravns 
TH. H. Jupson 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


SAFETY CODE FOR CONVEYORS AND CONVEYING 
MACHINERY 


*Joint sponsorship with the National Bureau of Casualty and Surety 
Underwriters. Sectional Committee organized November, 1925 


A.S.M.E. Members (Total personnel, 44) 


E. L. Ciirrorp C. G. PFEIFFER 

W. J. GRAVES D. L. Rorypr 

F. V. Herzen (W. M. Grarr, Alternate) 
1M. A. Kenpaun 7Wru1aM STANIAR 

W.S. Paine G. R. WADLEIGH 


J. G. WHEATLEY 


SAFETY CODE FOR CRANES, DERRICKS, AND HOISTS 


*Joint sponsorship with U. S. Navy Department, Bureau of Yards and 
Docks. Sectional Committee organized November, 1926 


A.S.M.E. Members (Total personnel, 59) 


B. F. Truuson, Secretary FRANKLIN MOELLER 
H. LR. Brink {Lewis Pricn 
J. F. Hows F. H. Schwrrin 
W. D. KELLER {R. H. Waits 

C. V. Koons H. L. WuHirrteMoRE 


AIRCRAFT SAFETY AND INSPECTION 
*Sole sponsorship. Sectional Committee organized April, 1931 


A.S.M.E. Members (Total personnel, 6) 
JEROME LEDERER, Chairman ALEXANDER KLEMIN 


ASME. Representatives on Other Safety Committees 
See also A.S.M.E. Representatives on Other Activities, page 30 


SAFETY CODE FOR ABRASIVE WHEELS 


*Sponsor bodies: Grinding Wheel Manufacturers Assn. of United 
States and Canada, and International Assn. of Industrial 
Accident Boards and Commission 


(To be appointed) 


SAFETY CODE FOR AERONAUTICS 
*Sponsor body: Society of Automotive Engineers 


(To be appointed) 


SAFETY CODE FOR AMUSEMENT PARKS 


*Sponsor bodies: National Association of Amusement Parks, and 
National Bureau of Casualty and Surety Underwriters 


G. P. SmirH 


SAFETY CODE FOR CONSTRUCTION WORK 


*Sponsor bodies: American Institute of Architects, and National 
Safety Council 
To be appointed (W. F. Mnrnan, Alternate) 


COOPERATION WITH OTHER ENGINEERING SOCIETIES 


Special committee of the American Society of Safety Engineers 
H. L. Miner 


SAFETY CODE CORRELATING COMMITTEE 
T. A. Watsu, Jr. (H. H. Jupson, Alternate) 


SAFETY CODE FOR EXHAUST SYSTEMS 


*Sponsor body: International Association of Industrial Accident Boards 
and Commissions 


A.S.M.E. Representative 
J.C. Harpvice (E. H. peConineu, Alternate) 


SAFETY CODE FOR FLOOR OPENINGS, RAILINGS, AND 
TOE BOARDS 


*Sponsor body: National Safety Council 
(To be appointed) 


)) 


SOCIETY RECORDS 


SAFETY CODE FOR FORGING AND HOT METAL 
STAMPING 


American Drop Forging Insitute and the National 


*Sponsor bodies: 
Safety Council 


0. F. Luckenpacu C. F. Park 


SAFETY CODE ON COLORS FOR IDENTIFICATION OF 
GAS MASK CANISTERS 
*Sponsor body: National Safety Council 
L. C. Licuty 


SAFETY CODE FOR LADDERS 


*Sponsor body: National Safety Council 


W. T. Hatcu 


F 
) 
- SAFETY CODE FOR LAUNDRY MACHINERY AND 
7 OPERATION 


- *Sponsor bodies: Laundry Owners National Association, Association 
of Governmental Officials in Industry of U. S. and Canada, and 
National Association of Mutual Casualty Companies 


) EB. J. CARROLL 


SAFETY CODE FOR LIGHTING FACTORIES, MILLS, AND 
OTHER WORKS PLACES 


*Sponsor body: Illuminating Engineering Society 
L. A. BLACKBURN 


SAFETY CODE FOR LOGGING AND SAWMILL MACHINERY 
National Bureau of Standards 
J. H. Dickinson 


* Sponsor body: 


LOW VOLTAGE ELECTRICAL HAZARD 


Special Committee of the American Society of Safety Engineers— 
Engineering Section, National Safety Council 


J. P. JACKSON 


SAFETY CODE FOR MECHANICAL REFRIGERATION 
American Society of Refrigerating Engineers 


L O. A, ANDERSON CrossBy FIELD W. F. Jones 
(A. W. Oaxxey, Alternate to all A.S.M.E. Representatives) 


} 


* Sponsor body: 


| SAFETY CODE FOR PAPER AND PULP MILLS 
| *Sponsor body: National Safety Council 
R. L. WELDON 


POWER PRESSES, AND FOOT AND 
HAND PRESSES 

*Sponsor body: National Safety Council 

E. E. BARNEY 


SAFETY CODE FOR 
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SAFETY CODE FOR PREVENTION OF DUST EXPLOSIONS 


National Fire Protection Association and U. 8. 
Department of Agriculture 


*Sponsor bodies: 


J. H. Morrow R. M. Ferry 


SAFETY CODE FOR PROTECTION OF INDUSTRIAL 
WORKERS IN FOUNDRIES 


American Foundrymen’s Association and National 
Founders Association 


H. M. Lane 


*Sponsor bodies: 


SAFETY CODE FOR RUBBER MACHINERY 
*Sponsor bodies: National Safety Council, and I nternational 
Association of Industrial Accident Boards and Commissions 
(To be appointed) 


SPECIFICATIONS AND METHODS OF TEST FOR SAFETY 
GLASS 


*Sponsor bodies: National Bureau of Casualty and Surety Underwriters 
and National Bureau of Standards 
T. A. WaLsH, JR. 


SAFETY CODE FOR TEXTILES 


*Sponsor body: National Safety Council 
G. L. WARFIELD 


SAFETY CODE FOR UNDERGROUND POWER 
TRANSMISSION AND POWER EQUIPMENT 
FOR METAL MINES 
American Mining Congress, National Standardization 
Division 
(To be appointed) 


* Sponsor body: 


SAFETY CODE FOR VENTILATION 


*Sponsor body: American Society of Heating and Ventilating Engineers 
Pp. A. McKirrrick (L. H. Eaeert, Alternate) 


SAFETY CODE FOR WALKWAY SURFACES 


American Institute of Architects and National Safety 
Council 


W. M. GraFr 


*Spensor bodies: 


SAFETY CODE FOR WINDOW WASHING 


*Sponsor body: National Safety Council 
W. G. Boye 


SAFETY CODE FOR WORK IN COMPRESSED AIR 


*Sponsor body: International A ssociation of Industrial Accident Boards 
and Commissions 


L. J. Erpsen 
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TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


A.S.M.E. Representatives on Other Activities 


See also A.S.M.E. Representatives on Other Research Committees, etc., pages 22, 25, and 28 


(Dates in parentheses denote expiration of terms) 


AMERICAN ASSOCIATION FOR THE ADVANCEMENT OF 
SCIENCE 


SECTION M, ENGINEERING 
(To be appointed) 


AMERICAN BUREAU OF WELDING 


JAMES PARTINGTON 


AMERICAN ENGINEERING COUNCIL 


(One year term) 
Pauut Doty 
R. E. FLANDERS 


W. L. Barr, Chairman 
L. P. ALFORD 
J. W. Roz 


Alternates: E. W. O’Brikrn, E. L. OnLE 


AMERICAN STANDARDS ASSOCIATION 


V. R. WiLLouGHBY 
C. B. LrPace 


ALFRED IppLEs (1937) Alternates: 


AMERICAN YEAR BOOK CORPORATION 
C, E. Davizs 


THOMAS ALVA EDISON FOUNDATION 
W.S. Finuay, JR. 


THE ENGINEERING FOUNDATION 


W. H. Futweiter (1936) A. E. WHITE (1939) 
D. Rosert YARNALL (1936) 


RESEARCH PROCEDURE COMMITTEE 
W. H. Furweier (1936) 


ENGINEERING SOCIETIES EMPLOYMENT SERVICE 


NATIONAL BOARD 
C. E. Davizs 


METROPOLITAN BOARD 
Ernest Hartrorp, Chairman 


ENGINEERS’ COUNCIL FOR PROFESSIONAL 
DEVELOPMENT 
C. F. HirsHrevp (1936) 
W. E. WIcKENDEN (1938) 


W. L. Bart (1937) 


ENGINEERS NATIONAL RELIEF FUND 
W. A. SHoupy 


JOHN FRITZ MEDAL BOARD OF AWARD 
C. N. Laver (1936) Paut Doty (1988) 
A. A. Porrrr (1937) R. E. FLANDERS (1939) 
GANTT MEDAL BOARD OF AWARD 


D. B. Porter (1936) F, E. Raymonp (1937) 
K. H. Conpirt (1938) 


DANIEL GUGGENHEIM MEDAL FUND, INC. 


P. H. Apams (1936) B. M. Woops (1938) 
E. E. Auprin (1937) T. A. More@an (1939) 


JOSEPH A. HOLMES SAFETY ASSOCIATION 
O. P. Hoop 


HOOVER MEDAL BOARD OF AWARD 


S. F. VoorHesEs (1937) C. N. Laver (1939) 
W. H. Kenprson (1941) 


INTERNATIONAL ELECTROTECHNICAL COMMISSION 
U. 8. NATIONAL COMMITTEE 


H. N. Davis Francis HopGKINSON 


Paut DISERENS 


Alternates: C. Haroup Berry, E. C. Hutrcutnson 


NATIONAL BUREAU OF ENGINEERING REGISTRATION 
J. H. Herron 


NATIONAL FIRE WASTE COUNCIL 


H. O. Lacount J. A. NEALE 


NATIONAL MANAGEMENT COUNCIL 


G. W. Keusny (1937)—WattTpR RAUTENSTRAUCH, Alternate 
H. V. Cozs (1938)—J. W. Ron, Alternate 
R. I. Rees (1939)—C. W. Lytun, Alternate 


NATIONAL RESEARCH COUNCIL 


DIVISION OF ENGINEERING AND INDUSTRIAL RESEARCH 


F, M. Farmer (1936) Bert Hovueuton (1938) 
D. S. Jacosus (1936) C. E. Daviss, Secretary, Ex-Officio 


ALFRED NOBEL PRIZE 
A. M. GREENE, JR. 


STUDY OF COAL 
JOINT COMMITTEE WITH THE A.I.M.E. 


A. D. Batty H. Drake Harkins. A. L. PENNIMAN, JR. 
E. H. Barry J. C. Hosss E. B. Ricketts 
F, M. Grsson E. H. Tenney 


UNITED ENGINEERING TRUSTEES, INC. 


D. Rosert YARNALL (1936) WALTER RAUTENSTRAUCH (1937) 
H. V. Cons (1938) 


ENGINEERING SOCIETIES MONOGRAPHS COMMITTER 
C. B. Beck G. B. Peeram 


UNWIN MEMORIAL COMMITTEE 


AMBROSE SwaseEy, Honorary Chairman 


J. A. Gorr J. Ay, HAT 


R. E. W. Harrison 


WESTERN SOCIETY OF ENGINEERS 


WASHINGTON AWARD 


C. B. Noite (1936) O. A. Leutrwiter (1937) 


WORLD POWER CONFERENCE, 1936 
AMERICAN NATIONAL COMMITTEE 
W. L. Batt 


| 


SOCIETY RECORDS 


Awards 


The following paragraphs deal with the awards, scholarships, 


| and loan funds which come within the jurisdiction of the A.S.M.E. 


The Society also participates with other engineering societies in 
a number of joint awards. 


Honorary Membership, to which persons of acknowledged profes- 

- sional eminence are elected by unanimous vote of Council under the 

» provisions of the By-Laws and Rules. A list of honorary members 
is given on page RI-33. 

Life Membership, which may be conferred by the Council for dis- 


’ tinguished service to the Society; or secured by a member by pay- 


ment for an annuity in accordance with the provisions of the By-Laws. 

A.S.M.E. Medal, established by the Society in 1920 to be pre- 
sented for distinguished service in engineering and science. May be 
awarded for general service in science having possible application 
in engineering. 

Holley Medal, instituted and endowed in 1924 by George I. Rock- 
wood, Past Vice-President of the Society, to be bestowed for some 
great and unique act of genius of engineering nature that has accom- 
plished a great and timely public benefit. 

Worcester Reed Warner Medal, provision for which was made in 
the will of Worcester Reed Warner, Honorary Member of the Society, 
is a gold medal to be bestowed on the author of the most worthy 
paper received, dealing with progressive ideas in mechanical engi- 
neering or efficiency in management. 

Melville Medal, established in 1914 by the bequest of Rear-Admiral 
George W. Melville, Honorary Member and Past-President of the 
Society, to be presented for an original paper or thesis of exceptional 
merit, presented to the Society for discussion and publication, to 
encourage excellence in papers. The medal may be presented an- 
nually. 

Spirit of Saint Louis Medal, endowed by members of the Society 
and citizens residing in St. Louis, Mo., to be awarded for meritorious 
service in the field of aeronautical engineering. This medal will be 
awarded at the discretion of the Council of the Society at approxi- 
mately three-year periods upon the recommendation of a Spirit of 
Saint Louis Medal Board of Award made up of six members, each 
appointed for a term of nine years and the terms of two members 
expiring at each three-year period. The St. Louis Section and the 
Aeronautic Division will each be responsible for the nomination of 
three members. 

Junior Award, annual cash award of $50, established in 1914, from 
a fund created by Henry Hess, Past Vice-President of the Society, 
to be presented, together with an engraved certificate, for the best 
paper or thesis submitted by a Junior Member. 

Student Awards, two annual cash awards of $25 each, established 
in 1914, from a fund created by Henry Hess, Past Vice-President of 
the Society, to be presented, together with engraved certificates, for 
the best papers or theses submitted by members of Student Branches. 

Charles T. Main Award, annual cash award of $150, established 
in 1919 from a fund created by Charles T. Main, Past-President of 
the Society, to be awarded to a student of engineering, preferably 

‘a member of a Student Branch of the Society, for the best paper 
within the general subject of the ‘‘Influence of the Profession Upon 
Public Life.’”’ The exact subject is assigned by the Committee on 
Honors and Awards, subject to the approval of the Council, and is 
announced each year through the Honorary Chairmen of the Student 
Branches. 


SCHOLARSHIPS AND LOAN FUNDS 


Max Toltz: Loan Fund of $15,000 established by Major Max 
Toltz, former member of the Council of the Society, the income to 
be used for assistance to students. 

John R. Freeman: Fund of $25,000 established in 1926 by John 
R. Freeman, Past-President of the Society, the income to be used 
for travel scholarships and research. 

Woman's Auxiliary: Scholarship or Fellowship offered by the 
Woman’s Auxiliary .to the Society to assist sons and daughters of 
members or worthy students of mechanical engineering. 


RECIPIENTS OF AWARDS 


The names of the recipients of the different awards to date are 
given in the following lists, together with the dates of presentation, 
and the services or papers for which the awards were made. There 
were no awards for the years not listed. 


1923 


1924 


1929 


1934 


1933 


1934 


1935 


1927 
1929 


1930 


1931 


RI-31 


A.S.M.E. Mppau 


HsatMar GoTFRIED CARLSON, in recognition of the services 
rendered the Government because of his invention and part 
in the production of 20,000,000 Mark III drawn steel booster 
casings used principally as a component of 75-mm high- 
explosive shells, but also used extensively in gas shells and 
bombs 

Frepprick ArtHuR Hausny, for his paper describing the 
premium system of wage payments presented before the 
Society at the Providence Meeting in 1891, as the adoption 
of the methods there proposed has had a profound effect 
toward harmonizing the relations of worker and employer 
Joun Rietey FREEMAN, for his eminent service in engineering 
and manufacturing by his meritorious work in fire prevention 
and the preservation of property 

R. A. MitirKan, in recognition of his contributions to science 
and engineering 

Wirrep Lewis, for his contributions to the design and con- 
struction of gear teeth 

Jouuian Kennepy, for his services and contributions to the 
iron and steel industry 

Wituram LeRoy Emmet, for his contributions in the develop- 
ment of the steam turbine, electric propulsion of ships, and 
other power-generating apparatus 

Aupert Kinessury, for his research and development work 
in the field of lubrication 

AmpBrose Swasey, for his contributions to the advancement 
of the engineering profession and for his part in the develop- 
ment of the turret lathe and the astronomical telescope 
Wiis H. Carrier, in recognition of his research and develop- 
ment work in air-conditioning 

Cuartes T. Mary, for distinguished achievements in the 
textile and other industries, in engineering education, and for 
eminent service to the engineering profession. 


Houtitey Mepau 


Hyatmar Gotrriep CARLSON, for his inventions and processes 
which made possible the timely production of drawn steel 
booster casings for artillery ammunition, thereby aiding vic- 
tory in the World War 

Etmer AMBROSE SpERRY, for achievements and inventions 
that have advanced the naval arts, including the gyroscope 
that has freed navigation from the dangers of the fluctuating 
magnetic compass 

Baron Cuvuzasuro Surpa, for his contributions to knowledge 
through fundamental research, including the field of aero- 
dynamics, by the development of ultra-rapid kinematographic 
methods 

Irvine Lanemurr, for his contributions to science and engi- 
neering, including the development of gas-filled incandescent 
lamps, thoriated filament for thermionic emission, atomic 
hydrogen welding, phase control operation of the thyratron 
tube, and fundamental research in oil films. 


Worcester Rerp WARNER MEDAL 


Dexter 8. Kimpatt, for his contributions to efficiency in 
management as exemplified by his recently revised “Principles 
of Industrial Organization”? and by his many articles, engi- 
neering society papers, and public addresses 

Raupu E. Fuanpers, for his contributions to a better under- 
standing of the relationship of the engineer to economic 
problems and social trends as exemplified by the many papers 
which he has presented 

SrppHEN TIMOSHENKO, for his contributions to the theory of 
the design of elastic structures and the treatment of dynamics 
of moving machinery. 


Metvitte Mepan 


Lzon P. Aurorp, ‘‘Laws of Manufacturing Management” 
JosppH WickHaM Ror, “Principles of Jig and Fixture Prac- 
tice”’ 

Herman Diepericus AND Winii1AM D. Pomeroy, ‘‘The 
Occurrence and Elimination of Surge or Oscillating Pressure 
in Discharge Lines From Reciprocating Pumps” 

Artuur E. Grunert, ‘‘Comparative Performance of a Pul- 
verized-Coal-Fired Boiler Using Bin System and Unit System 
of Firing” 


RI-32 


1932 
1933 
1935 


1929 
1932 


1935 


1915 
1916 
1919 


1921 
1922 


1923 
1924 
1925 
1927 
1928 
1929 
1930 
1931 
1932 
1933 


1934 
1935 


1916 


1917 


1919 


1920 


1921 


1923 


1924 


‘ 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


Aupxny J. Srepanorr, ‘‘Leakage Loss and Axial Thrust in 
Centrifugal Pumps’’ 

Wiuiram BE. Catpwetu, ‘‘Characteristics of Large Hell Gate 
Direct-Fired Boiler Units” 

Oscar R. WiKanpeER, ‘‘Draft-Gear Action in Long Trains.” 


Spirit oF Saint Louris Mepau 


DanieL GuGGEnuHeEIM, founder of the Guggenheim Fund for 
the Promotion of Aeronautics 

Pauw LivcHFiEexp, for his work in encouraging and sponsoring 
airship design and construction in this country 

Witt Rogers, for his splendid, constructive, and unselfish 
work in the achievement of aviation, and the building up of 
public confidence in aviation through his articles in the press 
over the radio, and from the speaker’s platform. 


JUNIOR AWARD 


Ernest O. Hicxstern, ‘‘Flow of Air Through Thin Plate 
Orifices”’ 

L. B. McMituan, ‘‘The Heat Insulating Properties of Com- 
mercial Steam-Pipe Coverings” 

E. D. WuateEn, ‘‘Properties of Airplane Fabrics’’ 

S. Logan Kpwrr, ‘‘Moody Ejector Turbine” 

R. H. Herman, ‘‘Heat Losses From Bare and Covered 
Wrought-Iron Pipe at Temperatures Up to 800 Degrees 
Fahrenheit”’ 

F. L. Kauuam, ‘Preliminary Report on the Investigation of 
the Thermal Conductivity of Liquids’”’ 

S. S. Sanrorp anp S. Crocker, ‘‘The Elasticity of Pipe Bends”’ 
R. H. Herman, ‘‘Heat Losses Through Insulating Material” 
GitBerTt §. ScHauuEmr, ‘‘An Investigation of Seattle as a 
Location for a Synthetic Foundry Industry” 

Wo. M. Framp, ‘‘Stresses Occurring in the Walls of an Ellip- 
tical Tank Subjected to Low Internal Pressure”’ 

M. D. Aisrenstrin, ‘‘A New Method of Separating the Hy- 
draulic Losses in a Centrifugal Pump”’ 

Arruur M. Wadt, ‘‘Stresses in Heavy, Closely Coiled Helical 
Springs” 

Ep Srnciair Suir, Jr., ‘‘Quantity-Rate Fluid Meters” 

M. K. Drewry, ‘‘Radiant-Superheater Developments”’ 
Epmonp M. Wagener, ‘‘Frictional Resistance* of a Cylinder 
Rotating in a Viscous Fluid Within a Coaxial Cylinder’’ 
TOWNSEND TINKER, ‘‘Surface Condenser Design and Operat- 
ing Characteristics’’ 

Joun I. YEuuort, Jr., ‘‘Supersaturated Steam” 

Sranupy J. Mrxina, “Effect of Skewing and Pole Spacing 
on Magnetic Noise in Electrical Machinery.” 


SrupEnt AWARD 


Boynton M. Green, Stanford University, ‘‘Bearing Lubrica- 
tion”’ 

Howarp Stevens, Rensselaer Polytechnic Institute, ‘‘An 
Investigation of the Dynamic Pressure on Submerged Flat 
Plates” 

M. Apam, Louisiana State University, ‘‘The Adaptability of 
the Internal Combustion Engine to Sugar Factories and 
Estates” 

H. R. Hammonp anp C. W. HoimpereG, Pennsylvania State 
College, ‘‘Study of Surface Resistance With Glass as the 
Transmission Medium”’ 

C. F. Lex anp F. G. Hampton, Stanford University, ‘‘An 
Experimental Investigation of Steel Belting’ 

W. E. Hetmick, Stanford University, ‘‘An Experimental 
Investigation of Steel Belting’’ 

Howarp G. Auten, Cornell University, ‘‘Wire Stitching 
Through Paper’’ 

Karu H. Wuitr, University of Kansas, 
Motors’”’ 

Ricwarp H. Morris anp AuBert J. R. Houston, University 
of California, ‘‘A Report Upon an Investigation of the Herschel 
Type of Improved Weir”’ 

Cuarurs F. Oumstrap, University of Minnesota, ‘‘Oil Burn- 
ing for Domestic Heating”’ 

H. E. Doouirrin, University of California, ‘The Integrating 
Gate: A Device for Gaging in Open Channels” 

Georce Stuart Ciark, Stanford University, ‘‘Two Methods 
Used for the Determination of the Gasoline Content of Ab- 
sorption Oils in Absorption Plants”’ 

L. J. FRANKLIN AND CHARLES H. Smitru, Stanford University, 
“The Effect of Inaccuracy of Spacing on the Strength of 
Gear Teeth’’ 


“Forces in Rotary 


1925 


1926 


1930 


1931 


1932 


1933 


1934 


1935 


1927 
1928 
1929 
1931 
1932 
1933 
1934 
1935 


Harry Prasr Cox, Jr., Rensselaer Polytechnic Institute, 
“A Study of the Effect of End Shape on the Towing Resist- 
ance of a Barge Model”’ 

W. S. Monteomnmry, Jr., AND HE. Ray Enpers, Jr., Pennsyl- 
vania State College, ‘‘“Some Attempts to Measure the Drawing 
Properties of Metals’ 

R. E. Pererson, University of Illinois, ‘‘An Investigation of 
Stress Concentration by Means of Plaster of Paris Specimens” 
Crcit G. Hearn, University of Toronto, ‘‘Pressure Distribu- 
tion Over U. 8. A. 27 Aerofoil With Square Wing Tips Model 
Tests” 

Aurrep H. MarsHauu, Princeton, ‘‘Evaporative Cooling” 
Roger Irwin Esy, University of Washington, ‘‘Measurement 
of the Angular Displacement of Flywheels’’ 

CuarEencr C. Franck, Johns Hopkins University, ‘“‘Condition 
Curves and Reheat Factors for Steam Turbines’’ 

FRANK VERNON BisTrom, University of Washington, ‘‘An 
Investigation of a Rotary Pump” 

Winuram Wauuace Wuites, University of Washington, ‘‘An 
Investigation of a Rotary Pump” 

GERARD EpEN CLaussENn, Polytechnic Institute of Brooklyn, 
“High-Temperature Oxidation of Steel’’ 

Harotp L. Apams anp Ricuarp L. Stirx, University of 
Washington, ‘‘A Wind Tunnel for Undergraduate Laboratory 
Experiments” 

Jutes Popnossorr, Polytechnic Institute of Brooklyn, 
“Pressure and Energy Distribution in Multi-Stage Steam 
Turbines Operating Under Varying Conditions” 

H. E. Fosrer, Jr., University of Tennessee, ‘‘Factors Affecting 
Spray Pond Design’’ 

Wiuuram A. Mason, Stanford University, ‘‘An Experimental 
Investigation of the Flame Propagation in Internal-Combus- 
tion Engines”’ 

Hueco V. Corprano, Polytechnic Institute of Brooklyn, 
“Thermal Analysis of Lithium-Magnesium System of Alloys” 
James A. Ostranp, Jr., Princeton University, ‘‘Sudden 
Enlargement in the Open Channel” 

H. Reynotps Hupson, Georgia School of Technology, 
“Dynamic Balance and Functional Utility Applied to Auto- 
motive Design”’ } 

Cuarues P. Bacua, Rutgers University, ‘‘The Behavior of 
Metals Subjected to Combined Stress” 

Rogpert W. Brau, Oregon State College, “‘Do Lubricating 
Oils Wear Out?’’ 


Cuarues T. Main AwarpD 


Ciementv R. Brown, Catholic University of America. Sub- 
ject: ‘‘The Influence of the Locomotive on the Unity of the 
United States” 

W. C. Sartor, Johns Hopkins University. Subject: ‘‘The 
Effect of the Cotton Gin Upon the History of the United 
States During Its First Seventy Years” 

No award. Subject: ‘‘Scientific Management and Its Effect 
Upon the Industries”’ 
Rosrert M. Mryrr, Newark College of Engineering. Sub- 
ject: ‘‘Scientific Management and Its Effect Upon Manu- 
facturing”’ 

JuLxes Popnossorr, Polytechnic Institute of Brooklyn. Sub- 
ject: ‘‘The Value of the Safety Movement in the Industries” 
Ropsert BE. Kuisnr, University of Michigan. Subject: ‘‘Inter- 
changeability—Its Development and Significance in Industry” 
MarsHatt ANDERSON, University of Michigan. Subject: 
“Apprenticeship and Vocational Training’’ 

Grorcn D. Wiixrnson, Jr., Newark College of Engineering. 
Subject: ‘‘Progress in the Prevention of Smoke and Atmos- 
pheric Pollution’”’ 

Puitip P. Sevtr, Colorado State College, ‘‘Air Conditioning— 
Its Practicability and Relation to Public Welfare’ 

G. Lowrniti Witirams, Lafayette College. Subject: ‘‘Co- 
ordinated Transportation—An Economic Comparison of 
Railroad, Bus, Truck, Water, and Air Transportation for 
Long and Short Haul.’’ 


FREEMAN TRAVEL SCHOLARSHIP 


Hersert N. Eaton 
Buake R. Van LEER 
Rosert T. Knapp 
REGINALD WHITAKER 
G. Ross Lorp 


i Hi J. Caan? 


Victor L. STREETER 


HONORARY MEMBERS IN 
PERPETUITY 


ALEXANDER LyMAN Houupy, Founder of the 
Society. Died 1882. 
_Joun Epson Sweet, Founder of the Society. 
__ Died 1916. 
Henry Rossiter WorRTHINGTON, Founder of 
the Society. Died 1880. 


~ DECEASED HONORARY MEMBERS 


| ELECTED DIED 
} Horatio ALLEN 


. 1880 1889 
— Srr WILLIAM ARROL . 1905 1913 
Wiui1aAm WALLACE Agrmnnuny 1925 1935 
7 Str BenJAMIN BAKER . . 1886 1907 
. JOHANN BAUSCHINGER . . 1884 1893 
Sir Henry BESSEMER . 5 1891 1898 
Srr Frepprick JosepH BRAM- 
| WELL pas . 1884 1903 
- JOHN ALFRED BRASHEAR . . 1908 1920 
- GusTAVE CANET . 1900 1908 
- ANDREW CARNEGIE . 1907 1919 
Daniet KINNEAR CLARK . 1882 1896 
Rupoten Jutivus EMMANUEL 
CLAUSIUS . 1882 1888 
| \Str Joun GoopE . 1889 1892 
| Peter CooPER . 1882 1883 
Pann GusararPaTrrioxppLavat 1912 1913 
RupoupH DIESEL . Glo LOTS 
JAMES DREDGE . 5 1886 1906 
VICTOR DWELsHAUVERS- Dery 1886 1913 
Tuomas ALVA EDISON . . 1904 1931 
ALEXANDRE Gustave Eirret . 1889 1923 
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Honorary Members 


ELECTED DIED 


MarsHau FERDINAND FocH 
Str CHartes Doueuas Fox 
JoHN RipuEY FREEMAN 
Joun Fritz 
Masor-GENnERAL Gnoran 
WASHINGTON GOETHALS . 
FRANZ GRASHOF 
ReEAR-ADMIRAL Rosert Sran- 
ISLAUS GRIFFIN . 
Orro HALLAUER 
CHARLES HAYNES HaAswELL 
Frinpricu Gustav HpRRMANN 
Gustav ApoLPH Hirn . 
JosmpH HirscH . 
Ira N. Hous ; 
Rogpert WooLtston Hunt 
BENJAMIN FRANKLIN ISHER- 
~ wooD 5 
Henri LeautThs . ; 
Erasmus Darwin LEAVITT 
ANATOLE MALLET 
Cuarues H. MANNING 
REAR-ADMIRAL GEORGE WaAL- 
LACE MELVILLE 
Tun HoNnoRABLE SIR CHARLES 
ALGERNON PARSONS . 
CHARLES TALBOT PORTER 
Avucustgs C. E. Ratwav . 
Sir Epwarp J. Reep 
FRANZ REULEAUX 
Catvin Winsor RIceE . 
PaumeEr C. RICKETTS 
Henri ADOLPHE-HUGENE 
SCHNEIDER . 


n PAL 
. 1900 
. 1932 
. 1900 


x alsylys 


1884 


A L920) 
. 1882 
. 1905 


1884 


. 1882 
. 1889 
. 1928 


1920 


= L894 
. 1891 
~ 1915 
> 1912 


1913 


1910 


. 1920 
. 1890 
LOLS 
. 1882 
. 1882 
Lgl 
= 1931 


. 1882 


Past-Presidents 


A list of past vice-presidents, managers, treasurers, and secretaries 1906 

will be found in the 1930 Record and Index, pages 10-12. Dates in 1907 
parentheses denote year of death. 1908 
AtpExaNDER LyMAN Houiey, Chairman of the Preliminary Meeting for ae 
' Organization of The American Society of Mechanical Engineers (1882) 1911 
- 1880-1882 Rosert Henry Tuurston (1903) 1912 
: 1883 Erasmus Darwin Leavitt (1916) 1913 
f 1884 Joun Epson SwEet (1916) 1914 
| 1885 JosmpHus Fuavius Hottoway (1896) 1915 
. 1886 CoLEeMAN SELLERS (1907) 1916 
1887 Grorce H. Bascock (1893) 1917 
} 1888 Horace SEp (1909) 1918 
,. 1889 Henry Rosinson Towne (1924) 1919 
| 1890 OBERLIN SMITH (1926) 1920 
1891 Rozsert Wootston Hunt (1923) 1921 

1892 Cuarutes Harpine Lorine (1907) 1922 
1893-1894 Ecxiny Brixton Coxe (1895) 1923 
1895 Epwarp F. C. Davis (1895) 1924 

1895 Cuaries Eraan Brnwines (1920) 1925 

1896 Joun Frirz (1913) 1926 

1897 Worcester Repp WARNER (1929) 1927 

1898 CHARLES WALLACE Hunt (1911) 1928 

1899 Grorern Watiace MBELyiLe (1912) 1929 

1900 Crarurs Hitt Morean (1911) 1930 

1901 SamugEL T. WELLMAN (1919) 1931 

} 1902 Epwin Reynotps (1909) 1932 
\ 1903 James Marrs Dopae (1915) 1933 
AMBROSE SWASEY 1934 

1935 


1905 


| 1904 
Joun Rietey FREEMAN (1932) 
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ELECTED DIED 


1929. = C, WiuiiAm S1mMANns 1882 1883 
1921 Viscount Er-1cur SHIBUSAWA 1929 1931 
1932 Hrnry Ropinson Town 1921 1924 
1913 Henri TRESCA . ; 1882 1885 
WILLIAM CAWTHORNE “UNWIN 1898 1933 
1928 Oskar von MILLER . . 1912 1934 
1893 Francois A. WALKER . 1886 1897 
WorcrsTerR REED WARNER . 1925 1929 
1933 GrorGr WESTINGHOUSE . . 1897 1914 
1883 Sir Wiut1am Henry Waite . 1900 1913 
1907 Str AuFRED FERNANDEZ YAR- 
1907 ROW . . 1914 1932 
1890 
1901 
ee LIVING HONORARY MEMBERS 
ELECTED 
1915 Str Jonn Aupitpy Frepprick As- 
1916 PINALL . 5 f 1911 
1916 MortTImMER ELwyn Cootny ‘ 1928 
1919  WiuiiAM FrRepERICK DURAND . 1934 
1919 CHARLES DE FREMINVILLE . 1919 
NATHANAEL GREENBE HrresHorr . 1921 
1912 HersertT CLARK Hoover . 1925 
Davip ScHENCK JACOBUS . 1934 
1931 Masawo Kamo 1929 
1910 Henri Le CHATELIDR ; 1927 
1930 Granpz UrrictaALEe Ine. Pio PRRRoNnn 1920 
1906 CuHaruEs M. ScuwaB 1918 
1905  AmBROSE SwASEY 1916 
1934 Exrau THOMSON . 1930 
1934. Samunt MatroEws Vicconains. 1920 
RiguHt HonoraBLy Lorp WEIR 1920 
1898  OrRvILLE WRIGHT 1918 


FREDERICK WINSLOW TAYLOR (1915) 
Freprrick Remsen Huron (1918) 
Minarp LArEVER Hoitman (1925) 

Jessp Mprrick Smits (1927) 

Grorcr WeEstincHousE (1914) 

Epwarp Danreu Meier (1914) 
ALEXANDER CRoMBIE HumMpHREYS (1927) 
Wituram Freeman Myrick Goss (1928) 
James Hartness (1934) 

Joun ALFRED BRASHBAR (1920) 

Davin ScHEnckK JACOBUS 

Ina Netson Hours (1930) 

CHARLES THomas Main 


Mortimer HuwyNn CooLey 
Frep J. Miner 

Epwin S. CARMAN 

DpxTER Stmpson KIMBALL 
Joun Lyte HARRINGTON 
FreprErRICcK Rouuins Low (1936) 
WituraM FREDERICK DURAND 
Wixtiiam Lamont ABBOTT 
CuaruLres M. ScHwaB 

ALEx Dow 

Emer AMBROSE SpeRRY (1930) 
CHARLES Prinz (1933) 

Roy V. WricHT 


Conrap N. LAUER 
A. A. PoTTrER 

Paut Doty 

Rauru E. FLANDERS 
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| The authors present data on pressure losses in rec- 
‘tangular elbows as affected by (@) the radius ratios of the 
selbows, (b) the aspect ratios of the elbows, (C) angle of the 
‘bend, (d) the elbow size, (€) velocity of flow, (f) splitters 
in the elbows, and (g) compound elbows. In general, 
data are given (1) for the elbow situated in a duct system 

ith ducts preceding and following the elbow, and (2) 
the elbow at the end of a duct and discharging freely into 
he air. 


: ROBABLY the earliest comprehensive tests for the deter- 
) mination of the pressure loss in sheet-metal elbows were 
made on 12-in. square and 12-in. diameter elbows of 
varying radii by F. L. Busey.* More recently Loring Wirt* 
published results of tests which included the effect of rectangular- 
‘shaped elbows. Both experimenters seem to have overlooked 
‘the fact that surface friction varies with the size and shape of 
ithe elbow and in turn has a direct bearing upon the total pressure 
loss. With this thought in mind the authors present the results 
sof tests on rectangular elbows in which the effects of the size and 
eshape of the elbow and the surface friction are considered in the 
«determination of the pressure losses. 


| DEFINITION OF TERMS 

For the purpose of this paper, it will be convenient to refer 
‘to all elbows of the same size as having the same cross-sectional 
| area. The velocity V through the elbow or duct will be the aver- 
age velocity, i.e., the quantity of flow divided by cross-sectional 
varea. 
_ The radius ratio as used in the paper is designated as RR and 
defined as the radius of the center line of the elbow divided by the 
depth in the plane of the bend, i-e., divided by the difference be- 
'Sween the outside and inside radii. In order to derive the most 
value from the data plotted, a new term will be used in addition 
to radius ratio. This term will be referred to as the curve ratio, 


“designated as CR and defined as the inside radius of curvature 


1 Research Engineer, Buffalo Forge Company. Mem. A.S.M.E. 
pM. Madison was graduated from the Rose Polytechnic Institute in 

1913 with the degree of bachelor of science and in 1926 received the 
degree of mechanical engineer. He has been with the Buffalo Forge 
‘Company since 1919 during which time he edited the second and 
Beard editions of the handbook ‘‘Fan Engineering,”’ published by 
‘that company. 

2 Engineer with Buffalo Pumps, Inc. Mr. Parker was graduated 
‘from Worcester Polytechnic Institute in 1930 with a B.S. degree 
} in mechanical engineering (aeronautics). Upon graduation, he 
entered the engineering department of the Buffalo Forge Company. 
During this time, he was associated with the coauthor in the editing 
| of the third edition of the handbook, ‘Fan Engineering.” Since 1934 
! Mr. Parker has been with Buffalo Pumps, Ine. 

3“T.oss of Pressure Due to Elbows in the Transmission of Air 
Through Pipes and Ducts,” by F. L. Busey, Trans. American Society 
)) of Heating and Ventilating Engineers, vol. 19, 1913, p. 366. 
4“New Data for the Design of Elbows in Duct Systems,”’ by L. 
Wirt, General Electric Review, vol. 30, June, 1927, p. 286. 

Contributed by thes Aeronautic Division and presented at the 
| Annual Meeting of Tux AmuRIcANn Society or MecuanicaL Enai- 
-weers held in New York, N. Y., December 2 to 6, 1935. 
Discussion of this paper should be addressed to the Secretary, 
| A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until June 10, 1936, for publication at a later date. Discussion re- 
ceived after this date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
~ understood as individual expressions of their authors, and not those of 
- the Society. 
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Pressure Losses in Rectangular Elbows 


b} By R. D. MADISON! ann J. R. PARKER,” BUFFALO, N. Y. 


divided by the outside radius of curvature. It is to be noted 
that in the use of the curve ratio instead of the radius ratio as a 
coordinate in plotting curves, (1) zero radius ratio is eliminated, 
(2) the curves are separated more effectively, and (3) curves can 
be drawn to include the complete range of radius-ratio values 
from 0.5 to infinity. Numerically, the following relations exist 
between the curve ratio and the radius ratio in this region 


RR —0.5 14+CR 
eee a RA aS (+2) 


CR = 
RR + 0.5 


1 Ce 

It will be observed that zero radius ratio referred to by Busey* 
does not belong to the sare family of curves as those plotted 
using the curve ratio, the limiting condition being 0.5 radius 
ratio (zero curve ratio) where the inside corner of the elbow is a 
sharp edge and the outside radius is formed with this edge as a 
center. 

The aspect ratio AR is the width of elbow along the axis of 
bend divided by the depth in the plane of the bend. High aspect 
ratios will therefore characterize “easy” bends and low aspect 
ratios will characterize “hard’”’ bends. 

The term “duct friction” will be referred to as the normal fric- 
tion of straight ducts or that portion of an elbow loss which corre- 
sponds to duct friction. Similar to the losses in a duct, the 
losses in an elbow will consist of (1) eddy loss due to the internal 
friction of the fluid itself and (2) film friction where the fluid is in 
close proximity to the surrounding walls. The eddy loss will 
vary substantially as the second power of the velocity while the 
film friction will vary as the first power of the velocity. Duct 
friction will, therefore, have both components and, in proportion 
to each, the combined loss will vary as a power, usually between 
1.75 and 1.85. ‘Shock loss,” in this connection, will be referred 
to as that loss over and above normal duct friction. All losses 
are measured as a percentage of the pressure corresponding to the 


mean velocity in the elbow. 


Apparatus AND METHODS 

Preliminary tests were made on elbows with cross-sectional 
areas of 9, 36, and 144 sq in. by J. R. Parker? in his own labora- 
tory and were checked by the coauthor in the laboratory of the 
Buffalo Forge Company and extended to include other sizes of 
elbows. It was realized that a prohibitive amount of time would 
be involved in making the tests unless simple procedures were 
employed. This is especially true in conducting tests with large- 
sized elbows in which a 35-point traverse was made. In the 
early tests on small elbows the straight duct ahead of the elbow 
was traversed and a calibration arrived at for a pitot tube placed 
in the center of the duct 21/s diameters ahead of the elbow. This 
was later checked by the use of a calibrated nozzle as shown in 
Fig. 1. For the large-sized elbows, a special pitot grid shown in 
Fig. 2 was constructed. This consisted of a framework carrying 
35 symmetrically placed total-pressure tips which were inter- 
Upon the same framework there were 10 static- 
The velocity pressure thus 


connected. 
pressure tips also interconnected. 
recorded by the difference was substantially the average pressure 
instead of the pressure corresponding to the average welocity. 
This difference, however, was from 1 to 3 per cent of the velocity 
pressure and was substantiated by and appeared in the ecalibra- 
tion with the standard traverse. Straighteners were used in all 
eases and sensitive, inclined, oil-filled manometers readable to 


0.001-in. water pressure were employed. 
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Nozzle Differential 


Straighteners 
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Pressure 


Fic. 1 ARRANGEMENT OF APPARATUS FOR TESTING 3-, 6-, AND 12-In. EtBows 


When air is discharged directly from an elbow, the velocity 
over the outer section is higher than normal and contains a 
double spiral component of motion. When the elbow is followed 
by a duct of 8 to 4 diameters in length, there is a partial regain 
in static pressure as the velocity is again lowered to normal and 


Fig. 2 Piror Grip Usep In Trstine Larger ELBows 


the spiral movement subsides. The net effect, therefore, is for the 
elbow loss to be lower when the elbow is followed by a straight 
length of duct. The pressure loss was measured by testing the 
standard duct with a short length (equal to four diameters of 
duct) attached at the end. Then atest was made at the same air 
velocity in the duct by interposing the elbow between the stand- 
ard duct and the short length, as indicated in Fig. 1. The differ- 
ence in the two static-pressure readings taken at the same point 
ahead of the elbow, when divided by the velocity pressure, 
gives the elbow loss in percentage of the velocity pressure. This 
procedure gives the elbow loss “followed by a duct”? but does not 
include the duct loss of the short length itself. Where the elbow 
loss “only” was desired, that is, the elbow discharging into free 
air, the short length of duct was omitted from both tests. For 
square ducts, an aspect ratio of unity, the elbow was rotated to 
each of the four possible positions and the readings averaged. 
With other aspect ratios, both of the possible positions were 
tested and the readings averaged. Theoretically, there should 
be no difference in the readings when the elbows are tested in the 
different positions; actually, there were small differences es- 
pecially when elbows of small radius ratios were not followed by a 
straight length of duct and also when larger-size elbows were 
attached to a main duct leading from a fan with the same outlet 
dimensions. 
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Errect or Raprus Ratio 


The effect of radius ratio may be seen by referring to Fig. 3. 
This is the usual plot and consists of various tests for compari- 
son. Curve A is plotted from data obtained by Busey? on 12-in. 
X 12-in. elbows. Curve B is plotted from data obtained by O. E. 
Parker’ on 12-in. X 12-in. elbows. Curve C is plotted from data 
obtained by J. R. Parker,? during tests of identical elbows such 
as shown in Fig. 4. Curve D is plotted from data obtained by 
Wirt‘ on 3-in. elbows. In order to present the data in a more 
valuable form the curves of Fig. 3 are redrawn in Fig. 5, using the 
curve ratios of the elbows as the abscissas instead of the radius 
ratios as in Fig. 3. Additional points # and F from data obtained 
by Madison! on 12%/s-in. and 33-in. elbows, respectively, as well 


5 ‘An Investigation of Pressure Losses in Air Duct Elbows,” by 
O. E. Parker, presented in 1934 as a thesis for the degree of B.S. in 
mechanical engineering, Northeastern University. 
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Fig. 4 Exsows or Various Raptus Ratios 
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been added to Fig. 5. Reverse curve H in Fig. 5 shows the _ length of straight duct. The complete curve of elbow loss will, 
theoretical duct loss of a 12-in. X 12-in. elbow based upon a _ therefore, follow down along curve C as the radius ratio increases 
factor of one velocity-head loss in 55 diameters of straight duct, and then cross the space shown approximately by the dashed line 
one diameter being equivalent to the side of asquare duct. Note and blend into the friction curve H. A value greater than 2 
that in such a graph as Fig. 5, the extreme right abscissa which for a radius ratio (0.6 curve ratio) is therefore of questionable 
is unity represents an elbow of infinite radius and indicates that merit. 

© “Friction of Air in Elbows,” by A. I. Brown, Power Plant Bngi- The similarity of curves A, B, and C in Fig. 5 probably indi- 
neering, vol. 36, August 15, 1932, p. 630. cates the true trend of the pressure loss. 


, 
" as point G from data obtained by Brown on a 12-in. elbow have _ the loss in a 90-deg elbow would be the same as in an infinite 
i 
| 
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Errect or Aspect Ratio 


Elbows of various aspect ratios are shown in Fig. 6. The effect 
of aspect ratio for elbows of different radius ratios is shown in 
Fig. 7. The curves in Fig. 7 are also plotted on the basis of curve 
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Fic. 6 Exsows or Various Aspect Ratios 


ratio to show the effect of duct friction in the region of high 
curve ratios. It will be seen that there is a characteristic rise 
in the points in this region to meet the friction curve. 

It is conceivable that if the friction curve D, Fig. 7, is sub- 
tracted from the total-pressure curve A there will result a curve 
which, to some extent, represents shock loss. By using this as a 
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that the loss is still a function of the radius ratio. However, it is 
readily seen that the two curves in Fig. 9, one for the higher radius 
ratios of 1 to 3, which are normally used, and another for the 
lower ratios, where the inside corner is substantially sharp, will 
closely approximate the data plotted in Fig. 8. It will be ob- 
served that the slope of curve A in Fig. 9 at an aspect ratio of 
unity is nearly horizontal and continues so through an aspect ratio 
of 8, approximately. Contrary to general opinion, there is little 
harm in using aspect ratios as low as 0.75. This tendency for the 
slope of curve A to reverse as it passes through unity has also been 
noted, and in even greater degree, in tests of large ducts. In test- 
ing 28-in. X 38-in. elbows with a radius ratio of unity, the loss 
was 5 per cent less for an elbow with a low aspect ratio (hard 
bend) than for an elbow with a high aspect ratio (easy bend). 
In applying such information to elbows using splitters, it dictates 
the position of the splitter or splitters in the elbow and indicates 
that the respective elbows formed by the splitters should have 
approximately the same radius ratio. This will be discussed later 
in the paper. 
EFFecT OF THE DEGREES TURN OF THE ELBOW 

It has been assumed generally that the pressure loss$through 

an elbow is directly proportional to the angle through which 


the turn is made. This is approximately true for 45-deg and 
90-deg turns. If a large angle is used, there is a marked change 
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base curve and cross-plotting shock-loss differences with other 
aspect ratios, the values thus obtained can be united with their 
respective friction curves to obtain the most probable shape of 
the curves passing through actual test points. This procedure 
was used to obtain data in the zone of low radius ratios for aspect 
ratios other than unity. However, the resulting curves, Fig. 7, 
are not easily applicable from an engineering standpoint. The 
percentage curves shown in Fig. 8 have therefore been prepared, 
based on an aspect ratio of unity. It is clear from these curves 


ResvuLts or Tysts or 90-DeG ELpows SHOWING THR Errect or Aspecr RATIO 


in the proportionality as indicated by the curves in Fig. 10. This 


is not unreasonable in view of the fact that the air near the latter | 
part of the turn has a flow materially different from that at the | 
beginning of the elbow, which flow is assumed to be straight. | 
During the first part of the flow in the elbow, a double spiral | 


movement is formed which must be accelerated from zero. Later 
in the turn, the spiral movement has become more definitely es- 
tablished and requires less energy to maintain it. The curves in 


Fig. 10 show the effect of the degrees turn on the pressure loss | 
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in (1) an elbow with free discharge, (2) elbows followed by ducts, 
and (3) elbows with a splitter. These curves are based on tests 
of 123/s-in. elbows having a radius ratio of 0.9 and an aspect 
ratio of unity. From the previously mentioned theory it would 
be expected that the curve become straighter, that is, the pro- 
portionality of the loss with the degrees of turn becomes more 
uniform as the curve ratio increases and the shock loss conse- 
quently diminishes. 

The curves in Fig. 10 are factor curves for degrees turn only. 
Thus the loss in a 180-deg elbow with a splitter is not just 


L slightly less than such an elbow without a splitter, but rather 


is slightly less in proportion than the loss in the respective 90-deg 
elbow; in both cases the splitter materially reduced the elbow loss 
as explained later. 


Errect oF ELvBow SIzE 


Size has very little effect. on the pressure loss in most elbows. 
This is due to the fact that the loss due to the size of the elbow 
is principally a shock loss and is not greatly affected by duct 
friction. However, where the radius ratio is large or the aspect 
ratio small there is a greater effect. The curves in Fig. 11 show 
the losses in 3-, 6-, and 12-in. elbows with an aspect ratio of unity 
and with varying curve ratios. The solid curves at the left 
(superposed upon each other below values of 0.4 curve ratio) 
are the actual elbow losses obtained by test, while the solid curves 
at the right are the respective losses due to duct friction only. 
The dashed lines give the approximate values necessary to blend 
these into continuous curves. The duct-friction curves are 
based on a coefficient of friction which is equivalent to one 
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velocity-head loss in 55 diameters of a 12-in. square duct and 
which varies inversely as the !/; power of the size (linear). Some 
of the elbows tested to show the effect of size on the pressure loss 
are shown in Fig. 12. 


EFFECT OF VELOCITY 


The effect of velocity on pressure loss in elbows depends to some 
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extent upon the relative proportions of shock and duct-fric- 
tion losses. In no case is it a large factor for the velocities 
used in air-conditioning work. The range of velocity covered in 
the tests reported in this paper is from 1800 to 4000 fpm with 
the majority of the tests being conducted with velocities between 
1800 and 2400 fpm. The results of the tests are all plotted on 
the basis of 1800 fpm. ; 

In order to differentiate between possible variation of loss 
with kind of elbow, careful tests were run at velocities between 
1800 and 3800 fpm on (1) a 3-in. X 12-in. elbow with a radius 
ratio of 0.5 (zero curve ratio) and an aspect ratio of 4, representing 
high shock loss, and (2) a 3-in. X 12-in. elbow with a radius ratio 
of 3 (0.71 curve ratio) and an aspect ratio of 0.25, representing 
high duct friction. The first elbow showed a pressure loss which 
varied as V!-%2 while the second showed a loss which varied as 
V176 During tests on a 6-in. X 6-in. straight duct alone the loss 
varied as V1-81. 


Evspows oF VARIOUS SIZES 


The effect of uneven distribution of velocity across a duct pre- 
ceding an elbow has a marked bearing upon the elbow loss. If 
the velocity is high along the inside radius, or throat side, the loss 
will be higher than normal, and, conversely, if the velocity is high 
along the outside, or the side adjacent to the long radius, the loss 
will be lower. Moreover, if the elbow discharges directly into 
the air, the variation due to velocity distribution will be more 
pronounced than if the elbow be followed by a straight section 
of duct. This principle is of importance in the study of double 
elbows and helps to explain why 180-deg bends have less loss than 
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two 90-deg elbows. A further application of these data is in es- 
timating the effect of an elbow placed directly on the outlet of 
afan. Usually the velocity of air leaving a fan is highest along 
the outside of the scroll. In such cases, if the throat side of the 


~ elbow is adjacent to the scroll, the loss will be high and may be 


twice the normal value. For side turns away from a fan outlet, 
the loss usually will be governed by the side of the outlet where 
the higher velocity occurs. With single-inlet parallel-blade 
fans, the region in which the higher velocity occurs will generally 
be on the back-plate side of the fan. On the other hand, in 
conical-blade fans or fans with inlet guide vanes, the higher 
velocity may exist near the center or on the inlet side. 


Errect oF SPLITTERS ON PRessuRE Loss 


The use of splitters in elbows to reduce the total pressure loss 
is becoming more and more common, but there is very little 
engineering information upon the subject at the present time. 
Having shown (from curve A, Fig. 9) that there is very little 
change in the loss for the usual aspect ratios above unity, the prin- 
cipal benefit to be derived from the use of splitters is through an 
increase of the radius ratio. It would seem to be desirable to 
place the splitters in such a position as to obtain equal radius 
ratios for the smaller elbows formed by the splitters. This will 
not only simplify the calculation of loss but will also make for 
greater economy of material. 

The necessary calculations for locating splitters to obtain 
equal radius ratios can be made with the aid of a chart such as is 
shown in Fig. 13, which is reproduced from “Fan Engineering.’’” 
The chart is laid out for calculating the position when one, two, 
or three splitters are used. No. 1 of 3, No. 2 of 3, ete., refer to 
the respective splitters starting from inside. To use the chart 
in Fig. 13, divide the pipe width (difference of radii) by the in- 
side radius. Locate this value as an abscissa on the chart, 
move upward to the desired splitter line (depending on the num- 


7“Fan Engineering,” by W. H. Carrier and R. D. Madison, Buffalo 
Forge Co., Buffalo, N. Y., 1933. 


ber used) and then to the left of the chart where the ratios of the 
splitter radii to the inside radius may be found. These values, 
each multiplied by the inside radius of the original elbow will 
give the radii upon which to construct the splitters. Incidentally, 
it will be observed that the reciprocal of the first or lowest value 
is the curve ratio of the revised elbow. 

The use of curve ratio offers another method of procedure and 
simplifies the splitter loss calculation. This may be shown: by 
the following: 

Let r, = inside radius of an elbow, 1 = 
splitter, 72 = radius of second splitter, 7, 
splitter, r, = outside radius of elbow, and x 
Now CR = curve ratio of plain elbow = 


radius of first (inside) 
= radius of zth (last) 
= number of splitters. 
r,/T, Let CR’. = 


curve ratio of each component elbow formed by splitters. Then 
OR = nie tite afta r,/Ts 

but 

(GRIER Mae pa) Tae) Toa aia/ ah E/T TA ge CR 


CR aa ah, 

Therefore, it may be seen that the new curve ratio effected 
by the addition of a single splitter = /CR; the curve ratio due 
to two splitters = +/CR; etc. Dividing the inside radius of an 
elbow with splitters by the curve ratio of the elbow gives the 
actual radius of the first or inside splitter. Dividing the radius 
of the first splitter by the curve ratio gives the radius of the 
second splitter, ete. The curve ratio determined in this manner 
can be used in conjunction with Fig. 11 for determining the ex- 
pected pressure loss in elbows fitted with splitters. Note that 
for each of the individual elbows formed by the splitters the curve 
ratio found by this method is the same as that found by the 
method employing Fig. 13. 

The following example is given to illustrate the method of 
computing the pressure loss in a 28-in. X 38-in. elbow, with a 
radius ratio of 1 (curve ratio of 0.33) an aspect ratio of 1.36 and 
having one splitter. The elbow is considered to be preceded and 
followed by ducts. Since the inside radius of this elbow is 14 in. 
locate the point 28/14 = 2s an abscissa of Fig. 13. Follow this 
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abscissa to the line marked “No. 1 of 1” and read at the left the 
value of r/R = 1.72. Since R/r is the curve ratio for the revised 
elbow the reciprocal of 1.72, which is 0.58, will be the new curve 
ratio, The corresponding pressure loss for a curve ratio of 0.58 in 
a 12-in. elbow (the largest shown in Fig. 11) is 11.5 per cent of 
the velocity head. This is the same loss that was actually ob- 
tained by test on this size elbow. The actual loss on the original 
elbow (without splitter) was 22.3 per cent of the velocity head 
compared with a value of 21.5 as read from the curve in Fig. 11. 
The pressure loss can be found directly from the curve ratio and 
Fig. 11. As an illustration of this procedure take a 12%/s- 
in. X 12%/s-in. elbow with a 5-in. throat radius and one splitter. 
The curve ratio of the original elbow is 5/(17?/s) = 0.288 and 
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component elbows formed by the addition of splitters will have 
lowered aspect ratios and the corresponding loss factors may be 
appreciably less than that of the original elbow. As the benefit 
of lowered aspect-ratio factors will not be the same for the com- 
ponent elbows the average value may be used. This benefit is in 
addition to that due to increased curve ratio. Actually there is 
still another factor. This factor is the size of the elbow, and it 
will modify test results but in general it will be simpler to omit 
this factor, except for very large size variations. 


Errect or ELBows AT THE END oF Ducts 


Although elbows are used in duct systems generally for chang- 
ing the direction of flow, they are frequently used as outlet 
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from Fig. 11 the original loss should be 0.25 velocity head. An 
actual test on such an elbow gave a pressure loss of 0.26 velocity 
head. - Using the previously given equation for determining the 
curve ratio of an elbow with one splitter, the curve ratio is 
4/0.288 = 0.536. The loss corresponding to this value as read 
from Fig. 11 is 0.12 velocity head. An actual test on such an el- 
blow gave a pressure loss of 0.10 velocity head. 

These illustrations indicate that a single splitter in an elbow 
will materially reduce the pressure loss if the value of the curve 
ratio is sufficiently small. Withacurve ratio greater than 0.5 (11/> 
RR) there is little or nothing at all to be gained by the use of 
splitters. As an example of this, a 6-in. * 6-in. elbow with 
0.5 curve ratio was tested, first, with a single splitter and then, 
with three splitters. From the curve Fig. 11 there would be an 
expected loss of about 13.5 per cent of the velocity head for the 
elbow without splitters and about the same value, 13.5 per cent 
of the velocity head, with one splitter. The actual test with 
one splitter showed a loss of 12.4 per cent of the velocity head. 
In the case of three splitters the new curve ratio = v/ 0.50 = 0.84 
which indicates a loss of 22 per cent for a 6-in. elbow. The actual 
test showed a 17 per cent loss indicating an upward sweep in the 
loss curve at this point. Where several splitters are used the 
increase in aspect ratio becomes a more important factor. In 
the previously given case this would reduce the loss to about 70 
or 80 per cent of the loss in a corresponding elbow with an aspect 
ratio of unity. In view of this fact the test value of 17 per cent 
is more rational (0.75 X 22 = 16.5). Where one or more splitters 
are placed in an elbow having an aspect ratio much less than 
unity, the curves of Figs. 8 or 9 should be applied. Thus, the 


openings with no ducts attached. Since the pressure loss in 
elbows used for this latter purpose is materially higher than when 
the elbows are used in a duct system, information should be 
available on the pressure losses when the elbows discharge directly 
into the atmosphere. Tests were run on such elbows with a 36- 
sq in. cross-sectional area and the results plotted in Fig. 14. 
Attention should be called to the fact that these elbows had 1-in. 
extensions on each end for connecting them to ducts and so there 
is a slight modification from a true 90-deg turn. This modifica- 
tion varies with the radius ratio and probably with the aspect 
ratio. When a 6-in. X 6-in. elbow with 0.5 RR had the 1-in. 
extension on the discharge side removed, the pressure loss fell 
from 195 per cent to 172 per cent. This was due to reducing the 
effective angle of turn in the air flow although a complete 90-deg 
metal elbow remained. On the same size elbow but with a radius 
ratio of 1'/. no appreciable difference in loss resulted when the 
elbow was reduced to a standard 90-deg turn. 

Comparing the results of Figs. 14 and 7 it will be observed 
that for common elbows having radius ratios between 1 and 2 
and aspect ratios between 1/2 and 2, the elbow discharging directly 
into the air has a loss from 2'/s to 3 times the same elbow when 
followed by a duct. The effect of using splitters is to lessen the 
regain value of the following duct and to lessen the difference in 
loss when the elbow is tested in the two different manners. 


Errrecr of CoMpouND ELBOWS ON PREssURE Loss 


The use of two elbows adjacent to one another often becomes 
necessary in duct work, and while the losses may be figured sepa- 
rately for each of the component parts of the compound elbow, 
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the combined loss as determined from tests may be considerably 
different from those obtained by calculation. Several of the 
simpler combinations were tested by the authors with the results 


» as shown in Figs. 15 and 16. 


Tn these figures the column labeled ‘‘estimated sum”’ is the sum 
of the test losses in the separate elbows, assuming that in each 
case the first elbow in the line of flow is always followed by a 
duct. In case the second elbow discharges directly into the air, 
the assumed value for the loss in the second elbow is from tests 

‘in whieh no discharge duct was used. In case the second elbow 
is followed by a duct the corresponding test value is used. This 
method is the most logical one for combining the losses in com- 
pound elbows. 

The column labeled ‘‘per cent of estimate” is the ratio of the 
loss obtained by testing the compound elbow to the estimated loss 
as Just outlined and serves as a means of showing the extent of 
the error in this method of determining the combined losses in 


-. compound elbows. 
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Any constraining shape of like dimensions following an elbow 
tends to lower the loss below that of an elbow discharging freely 
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Fig. 15 Resuuts oF Trests on 3-InN. X 12-In. CompounD 
ELBowS 


into the air. Thus a second elbow helps to lower the loss of the 
first as compared with a free discharge of the first. The in- 
fluence of the first elbow may help or hinder that of the second 
elbow depending on the conditions of flow produced at the dis- 
charge of the first. Note that in Fig. 15, the elbow loss for case 3 


_ does not differ greatly from the loss for case 4 when the elbows 
_ are inserted in a duct, being 115 and 103 per cent, respectively; 


but that the losses are vastly different when the second elbow 
discharges directly into the air, the losses in this latter instance 
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for cases 3 and 4 being 245 and 162 per cent, respectively. It is 
interesting to note that in the case of elbows forming a side 
turn and having an aspect ratio near unity, as in case 3 of Fig. 16, 
the combined loss of 65.5 per cent is lower than that of each tested 
alone (73.5 per cent) when not followed by ducts. Such a condi- 
tion was noted during tests on a large compound elbow (28 in. X 
38 in.) with aspect ratios of 0.74 and 1.36, in which the second 
elbow made a side turn and discharged directly into the air. 
In this case, despite the arrangement, the combined loss was be- 
tween 8 and 10 per cent lower than the loss due to either elbow 
tested separately and not followed by ducts. 

The values in columns 4, 5, and 6 of Fig. 16 are given to show 
the influence of one diameter of duct placed between the elbows. 
Note that in cases 1 and 4 the duct caused a decrease in the 
pressure loss while in the remaining cases it increased the pres- 
sure loss, thus hindering the flow. 

The benefit of splitters in elbows and especially those discharg- 
ing freely into the air is evidenced from a study of columns 
7, 8, and 9 of Fig. 16, wherein it is seen that the splitters mate- 
rially reduce the pressure loss. 


VARIATIONS IN TESTS 


The authors wish to emphasize the fact that there are many 
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reasons why experimental results obtained by different investiga- 
tors often differ considerably. Usually the tests by the various 
investigators are not made upon the same bases because the condi- 
tions of the variables in the individual tests vary with different 
types and arrangements of equipment and apparatus. In making 
tests of the nature described in this paper, attention should be 
paid to the uniformity of flow, fits, sizes, workmanship of the 
ducts, and other items of this nature which will undoubtedly 
affect the test data. In Busey’s? tests no mention was made of 
velocity. In Wirt’s‘ tests, the elbows immediately followed a 
nozzle, presumably giving the air flow a plane wave front at the 
entrance to the elbow. In the tests reported in this paper, the 
center velocity was higher than the average, as is customary after 
the air flows through a long duct. 

The 12-in. elbows used by O. E. Parker’ were the identical 
elbows tested by J. R. Parker. The former used orifice co- 
efficients and the latter used the pitot traverse. This was no 
doubt a contributing factor in the variation of the reported tests 
(curves B and C, Fig. 5). The importance of throat conditions 
on elbow loss and their influence on test results was emphasized 
during tests of a 3-in. elbow with a curve ratio of zero and aspect 
ratio of unity. The authors noted that the gage of the metal 
used in its construction was slightly heavier than that used for a 
6-in. elbow of the same type. Although the inner radius was 
supposed to be zero there actually was a small radius occasioned 
by the thickness of metal and the use of a commercial brake. 
In this case the radius on the 3-in. elbow was slightly greater than 
that of the 6-in. elbow. Upon filling-in the corner of the 3-in. 
elbow with solder to obtain correct proportionality and retesting, 
the value of the velocity-pressure loss rose from 92 to 105 per cent. 


SUMMARY 


1 Curve ratio (or likewise radius ratio,) is the predominating 
influence on pressure loss in elbows. The loss is high and critical 
for low curve ratios and low and stable for high curve ratios. 
Little or no advantage is gained by using curve ratios greater than 
0.6 (radius ratio of 2). 

2 The effect of aspect ratios greater than unity is small and 
may be neglected for ordinary work. For low aspect ratios the 


loss is more pronounced and aspect ratios less than 1/: warrant the 
use of a splitter in the elbow. 

3 The amount of the loss is not exactly proportional to the 
angle of the bend, but becomes somewhat less in proportion as the 
angle increases. 

4 The size of the elbow has relatively little effect upon pres- 
sure loss in elbows in common use. In elbows with large curve 
ratios the pressure losses approach the values for straight ducts. 

5 Velocity has very little effect on elbow losses when given in 
per cent of velocity pressure, the losses being comparable to 
those due to friction in a straight duct. Where the curve ratio 
of the elbow is very small, approaching sharp-corner conditions, 
the loss will vary nearly as the square of the velocity. 

6 If the air flow is not uniform in a duct just preceding an 
elbow, the loss will be somewhat higher than normal if the high 
velocity is along the inside of the elbow and will be somewhat 
lower than normal if the high velocity is along the outside of the 
elbow. 

7 The flow conditions along the inside of the elbow are more 
critical than elsewhere, and if the elbow and duct do not align 
properly, a disturbance at the inner side is more detrimental than 
elsewhere. 

8 Where elbows of small curve ratios must be used, a splitter 
is a very effective means of lessening the pressure loss. For 
elbows with curve ratios of 0.2 to 0.3 the use of a single splitter 
will reduce the loss to about one half the normal value. 

9 Elbows discharging directly into the atmosphere may have 
high losses which can be effectively reduced by splitters or by 
attaching a short section of straight duct to the discharge end of 
the elbow. 

10 Compound elbows may have losses considerably different 
from those estimated from tests of the individual elbows used to 
make up the compound elbow. 
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The Direct Firing of Pulverized 
Anthracite Silt 


By MARTIN FRISCH,? NEW YORK, N. Y. 


The purpose of this paper is to describe a recent de- 
velopment in the art of burning pulverized fuels. It 
is now commercially practicable for the first time to sub- 
stitute for the bin-and-feeder, or storage, system a simpler 
and less costly direct-firing, or unit, system for burning 
pulverized anthracite culms and silts heretofore con- 
sidered unsuitable and unmarketable as fuels. 


smaller than No. 4 buckwheat, silt is being dumped at 
the rate of nine to ten million tons per year. ‘There is, 
it is true, a somewhat fickle demand for silt or river coal; but 
it is for less than a seventh of the annual production. Several 
power stations have burned culm, and others still burn it in 


MOR want of all but a very thin demand for anthracite 


_ pulverized form, utilizing the storage system including the usual 


drying, pulverizing, and transporting systems for preparing and 
distributing the fuel, and the bin-and-feeder system for firing 
it. Some silt is also being burned on forced-draft traveling 
grates as well as chain-grate stokers, but in limited quantities 
and generally only after mixing with No. 3 and less often with 
No. 4 buckwheat. Efforts to burn anthracite which is all smaller 
than No. 3 on stokers has resulted in much trouble with excessive 
siftings, and excessive carry over of unburned coal from the fuel 
bed into the boiler and beyond. Excessive carry over of the 
fuel beyond the boiler often results in objectionable stack dis- 
charge and deposits of partially burned and coked particles in 
the vicinity of the plant, causing annoyance to the public. 
Furthermore, stoker-fired plants burning anthracite have not 
proved themselves sufficiently flexible and quick for following 
rapidly fluctuating loads. Owners of plants so situated as to 
profit by the low price of anthracite silt as compared to, say, 
No. 3 buckwheat and other fuels have been timid about investing 
in the comparatively complicated bin-and-feeder system which, 
until very recently, was the only proved system for firing pul- 
verized anthracite. Furthermore, the failure of a number of 
attempted unit or direct-firing applications has discouraged 
sustained development and pioneering in this direction. 

So it is not surprising that most steam plants thus far installed 
to burn anthracite have been fired by traveling- or chain-grate 
stokers mostly limited to the use of No. 3 or mixtures of No. 3 
and No. 4 buckwheat rather than the cheaper fines now con- 
sidered mine wastes. 


1 Chief Engineer, Boiler and Pulverizer Division, Foster Wheeler 
Corporation. Mem. A.S.M.E. Mr. Frisch received the degree of 
B.S. in mechanical engineering from the University of Illinois in 1921. 
For a year he served as instructor of mechanics and strength of ma- 
terials at the University of Wisconsin. From 1922 to 1929 he was 
connected with the Combustion Engineering Corporation succes- 
sively as a member of the research department, in charge of service, 
and manager of field engineering. 

Contributed by the Fuels Division and presented before the 
Anthracite-Lehigh Valley Section of Tum American Socimty oF 
MecuanicaL ENGINEERS, Tamaqua, Pa., July 19, 1935. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until June 10, 1936, for publication at a later date. Discus- 
sion received after this date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


A new, reliable, and simple method of pulverizing and direct 
firing anthracite silt is now available. This method requires 
no predrying of the feed. Consequently, the expensive and bulky 
drying plant previously considered as absolutely essential for a 
pulverized-anthracite plant is no longer required. 

A plant employing the new method for the direct firing of 
anthracite silt has now been in successful operation for a sufh- 
ciently Jong period to demonstrate that silt containing as much 
as 15 per cent moisture and as little as 2'/2 per cent volatile can 
be direct-fired alone, unmixed with any other fuel, and without 
pilot burners or other means for supporting ignition once the fuel 
has been ignited. Ignition is easily accomplished by employing 
the usual lighting torches generally employed for lighting off 
bituminous coal. When the plant was first designed it was ex- 
pected that bituminous coal would have to be used to start up 
and for this reason an additional feeder was installed for the 
purpose. However, it was found possible to light off and start 
up with anthracite culm, and the bituminous-coal feeder is only 
used when burning bituminous coal alone. Rapidly and widely 
fluctuating loads can be followed with ease. This was an essen- 
tial requirement in the particular installation under discussion 
because it serves a paper mill. 

The system shown in Fig. 1 is as simple as any method for the 
direct firing of bituminous coal. It consists of a pulverizer, a 
feeder for supplying wet culm or silt to the pulverizer and a fan 
for drawing hot air through the pulverizer. This air dries the 
coal as it is being pulverized, entrains the pulverized coal and 
delivers it to anthracite burners. Superficially in these major 
essentials the system does not differ from other direct-firing 
systems which have been tried without success for the direct 
firing of anthracite. In its details, however, and in the funda- 
mental principles governing the design of the burners, the new 
method reproduces, without using bins and feeders, those precise 
ignition-control elements of the bin-and-feeder system, which 
made the burning of anthracite by that system possible. 

In the bin-and-feeder system shown in Figs. 2 and 3 the pul- 
verizing apparatus is independent of the firing and burning 
equipment. As shown in Fig. 2 a feeder supplies fuel to a pul- 
verizer. A fan blows air through the pulverizer from which it 
carries the pulverized coal into a cyclone separator where the 
coal is separated from the air. An extractor, or air lock, with- 
draws the coal from the cyclone and delivers it to a transporting 
or conveying system. This in turn delivers the coal to pul- 
verized-coal storage bins near the boilers, as in Fig. 3 which 
may or may not be in a separate building. 

As shown by Fig. 3 pulverized-coal feeders, which are precise 
coal and air measuring and mixing devices, abstract the coal from 
the pulverized-coal bins and after mixing it with the correct 
amount of primary air for most rapid ignition, deliver the mixture 
to the burners. 

For any given pulverized coal the ratio of primary air to coal 
has a great influence on the velocity of flame propagation through 
a suspension of that coal in air. It is well known that as the 
primary air-coal ratio increases, the velocity of flame propagation 
increases up to a maximum and then drops off with further 
increases in the primary air-coal ratio. With any given primary 
air-coal ratio the velocity of flame propagation increases with 
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Fig. 1 


Unit SysTeM FoR THE Direct FIRING OF PULVERIZED ANTHRACITE 


(The simplicity of this arrangement as compared with Figs. 2 and 3 is striking, especially as regards the reduction in amount of equipment required.) 


increasing temperature, fineness, volatile content, and decreasing 
ash and moisture content. Speeds of flame propagation are 
maxima for bituminous coal in air suspensions with primary 
air-coal ratios of between 3 and 5. For pulverized-anthracite 
suspensions, because of their low volatile and high ash content, 
the corresponding maxima (which are from 1/1) to 1/3 of those 
attained in bituminous suspensions) occur with primary air- 
coal ratios of 0.5 to 0.8. 

In the bin-and-feeder system the primary air-coal ratio 
could always be readily controlled and for this reason there was 
no difficulty in adapting the system to burn pulverized anthracite. 
But in the unit, or direct-firing, system the ratio of air to coal 
which is required for best pulverization is generally from 1.5 to 3. 
This can readily be increased for best results with bituminous 
coal by the addition of more air between the pulverizer and burner. 
But, for anthracite such ratios are from two to six times too 
great, and for success in the direct firing of pulverized anthracite, 
for other than steady load operation, it is necessary to remove 
air from the primary air-coal mixture leaving the pulverizer. 
The new method for the direct firing of pulverized anthracite, 
unlike previous methods, meets this requirement and it is for 
this reason, primarily, that it works. 

Fig. 1 shows the arrangement of the system for the direct 
firing and burning of pulverized anthracite culm or silt in a New 
Jersey paper mill. Figs. 4, 5, and 6 show the equipment in detail 
as installed. The anthracite burner arrangement deserves 
special attention. It is designed to remove any required pro- 
portion, usually about two thirds, of the air in the coal-air sus- 


pension delivered to each burner, and to divert and deliver this 
separated, relatively clean air to the lower part of the furnace 
where it joins and mixes with the secondary air admitted through 
ports in the lower half of the front wall. The coal as fired through 
these burners, therefore, is suspended in a mixture containing, 
as in the bin-and-feeder system, the amount of primary air re- 
quired to maintain stable ignition. This is about one third of 
the air which brings the coal to the burners from the mill. 

The amount of air diverted from the burner can be controlled 
from zerd to almost 100 per cent of the air delivered to the burner. 
Consequently, bituminous coals which require high primary 
air-coal ratios may be, and have been, fired through these burners 
with equal ease. The burners, as may be seen, are extremely 
simple. 


OPERATING RESULTS 


While no elaborate tests have been made as yet, plant records 
indicate that savings of fifty to eighty dollars per day are realized 
when firing anthracite silt. Silts from various sources varying 
in volatile content between 2.5 and 6.5 per cent, in moisture 
content between 10 and 16.5 per cent, and in ash content between 
12 and 20 per cent on the ‘‘as-pulverized basis’? have been pul- 
verized, as received, without predrying and burned with equal 
success. Rapid load swings of 1 to 3 are being followed when- 
ever required and as fast as required. 

The culm or silt is fed to the mill as delivered into the plant 
without predrying. It is dried while being pulverized by passing 
preheated air at a temperature of 350 to 400 F through the mill. 


FUELS AND STEAM POWER 


As shown by Fig. 7, preheated air is admitted to one end of 
the mill, which is of the countercurrent, tricone, ball type de- 
veloped from the Hardinge. Coal fed into the other end is 
continuously projected, with the balls, through the hot air which 
passes through the mill in countercurrent relation to the di- 
rection of the coal through the ball charge. Therefore, the coal 
and balls are rapidly heated and the moisture driven out of the 
coal. The coal undergoing pulverization presents a tremendous 
surface to the air. Furthermore, innumerable contacts between 
the coal particles and the continuously heated balls result in 
extremely rapid heating and evaporation of the water in the 
coal. A further important factor affecting the ability of the 
mill to handle very wet coal is the practice, peculiar to this 
system, of mixing the cool or cold wet feed with hot and dry 
oversize, rejected in the classifier, before the feed enters the 


Typican ARRANGEMENT OF PULVERIZED-F UBL PREPARATION 
EQurIpMENT FoR A BIN-AND-FBEDER, OR STORAGE, SYSTEM 


Fie. 2 


(The pulverized coal is delivered to bunkers near the boilers and fired, as 
shown in Fig. 3.) 


grinding zone. This causes each lump and particle of wet feed 
to become dusted over with hot dry oversize so that no free water 
comes in contact with the grinding elements. Therefore the 
tendency of moisture to reduce the output is minimized to a 
negligible value. The pulverized culm leaves the mill with about 
one per cent moisture, irrespective of the initial moisture content 
of the feed. 

The classifier controls the fineness of the product as delivered 
to the burners. The fineness is of the order of 90 to 95 per cent 
through a 200-mesh screen. While this is higher than necessary, 
80 to 85 per cent being sufficient, it is being produced at a very 
reasonable expenditure for power, because the classifier by pro- 
viding a large circulating load of partially finished material 
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through the grinding zone greatly increases the efficiency of the 
pulverizing system as a whole. This is a well-known advantage 
of closed-circuit grinding. 

The power consumed per ton for pulverizing and firing at the 
normal required capacity of the pulverizing system is about 33 
to 35 kwhr per ton. 


s itom So. 


Fig. 3 Tyercan BIn-AND-FEEDER, OR STORAGE, SYSTEM OF 
PULVERIZED-Coau FIRING 


The present rate of ball consumption is about 0.5 to 0.6 lb 
per ton, representing a cost of about 2 cents per ton. This 
represents the major cost of maintenance which is not expected 
to exceed 21/2 to 3 cents per ton at the most, over the life of the 
system. 

The total pulverizing cost exclusive of fixed charges appears 
to be less than 20 cents per ton pulverized on the basis of the 
actual power and labor costs at the plant. 

The stack appearance is good and the carbon loss less than 
expected. 

The ability of the system to follow Ayasasiine loads rapidly 
is due to (1) the ignition stability of the burners, and (2) the 
pulverizer control method. 

The burner ignition is stable over a wide load range because 
of the fineness of the coal and because the primary air-coa] ratio 
is precisely controllable. 

The pulverizing system can follow load swings because the 
output is controlled, not by varying the rate of feed to the pul- 
verizer as in other systems but by varying the air flow through 
the pulverizer. 

Whereas, changes in the feed rate take many minutes to re flect 
themselves in changes in output, changes in the air flow result 
in instantaneous changes in the output. The feeder, like the 
feedwater regulator of a boiler, has only one function—the specific 
function of maintaining a constant level or supply of pulverized 
coal within the pulverizer. This it does automatically by pro- 
visions illustrated by Fig. 8 as follows: 


SMENT OF NozzLEs BLow1ne AIR VENTED FROM THE 
CRNERS INTO THE FURNACES BELOW THE BURNERS 


ANTHRACITE-CoAL PULVERIZER WitTH SounD-PRoor Housing 
AND CLASSIFIER FOR Unit-Firine System 

The level-controlling system includes two pipes which extend 
through the hollow trunnion into the mill. One pipe, a reference 
tube, extends into the upper portion of the mill considerably 
above the maximum desired-coal level. The other pipe is bent 
downward so that the end of the pipe is at the desired coal Jevel. 
Outside of the mill, pipes are either open to atmosphere or con- 
nected to a source of air pressure above atmospheric, such as the 
forced-draft fan duct, through orifices to permit a small amount 
of air to be drawn through each pipe by the mill suction. Both 
pipes are connected to a controller which contains a mercury- 
sealed and floated bell. When the lower pipe is not sub- 
merged in the fuel, the air pressure in each pipe, and above and 
below the bell, is equal regardless of pressure changes within 
the mill or at the pipes outside, and the bell rests at its lowest 
position. 

When the coal level rises above the end of the lower pipe it 
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partially seals the opening and the air entering the pipe through 
the orifice causes the pressure within the pipe, and likewise the 
pressure under the bell of the controller, to increase. The pressure 
of the air within the upper pipe and over the bell is not changed 
since air can freely flow through the unobstructed upper pipe 
into the mill. The consequent pressure difference, which can 


Coal FEEDERS AND EXHAUSTER OF DIRECT-FIRED, 
PULYVERIZED ANTHRACITE-CoOAL PLANT 


At the right is the anthracite-culm feeder and at the left is the feeder for 
bituminous coal. The exhauster, at the center, is equipped with capacity 
controller and solenoid-operated safety damper.) 


Fie. 6 


Batt Mitt (HarpInck Typr) ARRANGED FOR 


TRICONE 
Unit System oF Firinc WiTH EXHAUSTER AND FEEDER ON FLOOR 
ABOVE Miu 


Fie. 7 


(The mill and classifier are shown in section to illustrate method of operation 

and the approximate distribution of the material and ball charge within 

the mill. In this illustration the mill is shown turning with the top moving 

toward the reader. Thus the charge of fuel and balls is carried up the far 

side of the mill whence it tie = eset the bottom, with pulverizing 
effect. 


FUELS AND STEAM POWER 


be measured by a U-tube placed between the two pipes, causes 


the bell to rise and trip two mercoid switches; one stops the 
feeder, the other controls a signal lamp. 

When the mill has discharged enough fuel to cause the coal 
level to fall below the end of the lower pipe, the air pressure 
within both pipes and on each side of the controller bell again 


~ becomes equalized, and the controller starts the feeder. The 


a a SC a, er ee 


feeder is generally set to feed slightly in ercess of the mill 
discharge rate. The level controller will then maintain a con- 


‘stant coal level within the mill automatically by interrupting 


the feed as the level tends to build up and again starting the 
feeder as the level tends to fall. 


Economics or ANTHRACITE BURNING 


A complete boiler plant to develop a given capacity with 
pulverized river anthracite or silt wil] cost about 12 to 15 per cent 
more than a plant to burn those eastern bituminous coals with 
which silt or river anthracite would have to compete. The 
difference in cost is due entirely to the greater pulverizing and 
firing capacity required by the anthracite because of its lower 
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Frc. 8 D1AGRAM OF Fenp ConTROLLER FoR Baui-Typn PULVERIZER. 
Tun Various Parts May Bz IpEentTIFIep as FoLiows: 


Reference pipe inside of mill. 

Lower pipe placed at desired charge level. 

Minimum charge level. 

Maximum charge level. 

Pulverizer shell. 

Shutoff valve. 

Air filters. 

Electric circuit to feed mechanism. 

Electric circuit to signal lamp. 

10 Control switch mechanism. 

11 Orifices. 

{2 Air manifold to forced-draft duct or other source of air pressure. 
13 Air-pressure control valves dpening manifold to atmosphere. 
14 Pipe to source of air pressure. 

15 U-tube differential gage. 
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grindability and heat content, and because of the greater fine- 
ness to which it must be pulverized. Then, too, the efficiency, 
all other things being equal, will be about 3 per cent lower when 
burning pulverized anthracite. On the other hand, the pul- 
verized-anthracite plant will be from 5 to 8 per cent more efficient 
than the stoker plant, even though the pulverized-anthracite 
plant burns smaller and lower-grade fuel than would be con- 
sidered permissible for the stoker plant. 

Fig. 9 shows the approximate present-day cost of various 
pulverized-coal firing equipments for bituminous coal and culm, 
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and for stoker equipment for the burning of No. 3 and No. 4 
buckwheat, installed. 

The effect of variations in the prices of the fuels on the cost 
of steam is shown by Figs. 10, 11, 12, and 13. 
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Fic. 9 ApproxmmaTr Present-Day Cost or EQUIPMENT FOR 

Firina Boitprs oF Various Capacitims WITH ANTHRACITE ON 

Sroxrers, PULVERIZED BITUMINOUS, AND PULVERIZED ANTHRACITE 
CuLM 


The final conclusions as to the relative economy of the three 
firing methods compared would not be materially affected by 
errors in the assumptions as to those of the items about which 
there might be some difference of opinion, as for example cost 
of maintenance. Variations in the relative heat values of the 
fuels compared or in the overall efficiencies assumed will, of 
course, influence the comparative savings, but the values assumed 
for this discussion are so close to what may be reasonably ex- 
pected that the conclusions of this paper will not be materially 
changed. 

Table 1 is a comparative analysis of the performance to be 
expected from identical boilers of various capacities equipped 
to fire, respectively, pulverized bituminous coal, pulverized 
anthracite culm, and mixtures of No. 3 and No. 4 buckwheat on 
stokers. The cost of making steam as affected by the firing 
system with each firing method has been calculated, for pur- 
poses of comparison, on the basis of the following justifiable 
assumptions: 

(1) Load factor is taken as 60 per cent. 

(2) Cost of boiler, furnace, and other equipment for a given 
capacity, exclusive of firing equipment, is approximately the 
same for each firing system. 

(3) Maximum capacity that can be developed with a single 
anthracite stoker is approximately 200,000 Ib per hr. With 
pulverized-fuel firing equipment there is no limit to the size. 

(4) Cost of firing systems is as in Fig. 9. 

(5) Fixed charges on the cost of firing equipment are 15 
per cent. 

(6) Cost of power is one cent per kwhr. 

(7) Cost of maintenance for labor and material is taken as 
four cents per ton of fuel fired for the pulverized anthracite- 
culm system, two cents per ton for the pulverized-bituminous 
system (assuming ball mills are used), and one cent per ton 
for the stoker system. The stoker system is also charged with 
ten cents per ton for furnace-arch maintenance, in addition to 
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Culm $3.00 


Return on Additional Cost of Pulv. 


3.00 3.50 4.00 4.50 5.00 


Price of Bituminous Coal — Dollars per Ton 
Fic. 11 Errecr or CompaRATIVE FurL Costs AND STEAM-GENBPRA- 
TOR Sizb ON YEARLY RETURN ON ADDITIONAL Cost OF ANTHRACITE 
PULVERIZING AND FIRING EQUIPMENT 


(To be expected with plant designed to burn pulverized anthracite culm 
instead of pulverized bituminous coal.) 


the usual furnace maintenance which is taken as equal for all 
three firing systems. Cost of operating labor is not included 
as this may be assumed as equal for the three systems. 

(8) Cost of fuel is taken as $2.50 per net ton of anthracite 
culm, $4.50 per net ton of bituminous coal, and $3.50 per net ton 
of stoker fuel consisting of 75 per cent No. 3 buckwheat and 
25 per cent No. 4 buckwheat, delivered in bunkers. 

As may be seen from Table 2 the most important item is the 
fuel cost. Other items such as fixed charges, power, and main- 
tenance costs affect the final total cost but little. 

Figs. 10 and 11 show how the yearly savings possible with 
pulverized-anthracite-culm- or silt-fired boilers, as compared 
with identical boilers equipped to burn only pulverized bitumi- 
nous coals, vary with variations in the designed capacity of the 
boilers and with variations in the prices of the fuels compared. 

Fig. 10 shows the estimated money savings, while Fig. 11 
shows the yearly return on the additional cost of the pulverized- 
culm firing equipment. 

From Figs. 10 and 11 it may be seen that with $2.50 culm 
savings may be expected if the corresponding cost of bituminous 
coal exceeds $3.35, and with $3 culm if the cost of bituminous 
coal exceeds $4. 

In those localities in the East where delivered culm or silt 


prices would be between $2.50 and $3, bituminous coals cannot 
be purchased generally for less than about $4.50 per ton de- 
livered. Therefore a pulverized-culm plant can be installed 
and can generally be paid for by the savings in less than a year’s 
time. 

Figs. 12 and 13 show how the yearly savings, possible with 
pulverized-anthracite- or silt-fired boilers as compared with 
identical boilers stoker-fired with No. 3 and No. 4 buckwheat, 
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(To be expected with plant designed to burn pulverized anthracite culm 
instead of sized anthracite, Nos. 3 and 4 buckwheat mixtures, on stokers.) 


Price of 
Culm $2.50 


nm 
jo) 
jo} 


Y of Boiler 
1000 Lb per Hr 


Capacit 


Return on Additional Cost of Pulv. 
Anthr. Equipt.— Per Cent Yearly 
Capacity of Boiler — 1000 Lb per Hr 


2.50 
Price of Stoker Fuel (75% No. 3, 25% No.4 Buck) 
Dollars per Ton 


3.00 3.5 4.00 


Fie. 138 Errrecr or CoMpaRATIVE Furet Costs anp STEAM-GENERA- 
ToR S1izE ON YEARLY RETURN ON ApDITIONAL Cost or ANTHRACITE 
PULVERIZING AND FIRING EQUIPMENT 


(To be expected with plant designed to burn pulverized anthracite culm 
instead of sized anthracite, Nos. 3 and 4 buckwheat mixtures, on stokers.) 
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TABLE 1 
Capacity per boiler, lb per hour ae 50,000— 100,000. 200,000 
TPG 5 & GRR RR CURIE eer eee Ee ach ae er Bitum —Anthracite- Bitum. -—Anthracite— Bitum. ——Anthracite—~ 
Silt Nos. 3 & 4 Silt Nos.3 &4 Silt Nos. 3 & 4 
* ; ‘ buck. F buck. buck. 
PUT IROL © te Seratete eenare cle rues ate. Unit pulv. Unit pulv. Stoker Unit pulv. Unit pulv. Stoker Unit pulv. Unit pulv. Stoker 
Btu per lb coal, as received, ..:.--.-..s+...-- 13,500 11,500 12,600 13,500 11,500 12,600 13,500 11,500 12,600 
Efficiency of boiler unit, per cent............. 80 ae 70 80 77 70 80 77 vs 
invelipurned hourly, tonsis.. ose cece ae ce as ws O41) 3.05 See 5.0 6.1 6.3 10.0 12.15 PANTY 
Fuel burned yearly (60 per cent load factor), tons 13,130 16,000 16,650 26,250 * 32,000 33,000 52,500 64,000 66,600 
Steam produced per year, million Ib.......... 262.5 262.5 262.5 525 525 525 1050 1050 1050 
Cost of firing equipment? installed, dollars .... 11,000 16,000 9,000 16,000 22,600 14,000 25,000 35,300 25,000 
Annual firing costs, dollars................-- 

Fixed charges on firing equip. at 15 per cent. . 1,650 2,400 1,350 2,400 3,490 2,100 3,750 5,290 3,750 
Power®.. 2. eee ete eee eters 1,970 5,280 167 3,930 10,560 330 7,880 21,120 666 
EVECIIUE TREN TICE Aerie ferns stein setertr er Ome ered NOs ae tate, 262 640 167 25 1,280 330 1,052 2,560 666 

1,665 3,330 6,660 
ELEC OR GE te eee ei eiaenenchele rest iced erences one ere yet 59,000 40,000 58,300 118,000 80,000 115,300 236,000 160,000 233,000 
Total annual firing costs, dollars.............. 62,882 48,320 61,649 124,855 95,330 121,390 248,682 188,970 244,742 
Annual savings over pulverized bit.,........... WGP me sei | Uemerrath 20525 acetone eb eiat an it 59712) ade 
Additional cost of firing equipment, dollars .... ens O00: Ua MD 9 can et OCU | Sho aen PORE. 1LOSO0OI W waiocs 
Per cent annual return on additional investment ann 20D: Ot ee OP PRs. 4487 eee se OMS: 580 
Annual savings over stoker, dollars............ USER OL re tear 26060 Sectinnce Oe 1 Be Se DOM De 
Additional cost of firing equipment, dollars..... or A000; ie Le. crape S600) eee JOSS OG Serene 
Per cent annual return on additional investment .... TOO Ra Oe aes SOS a tera) are SEU Pines 
Total firing cost per 1000 lb steam, cents...... 23.9 18.4 Pe Ei 18.2 2301 23.6 18.0 231.2 


@ Unit pulverizing system equipment for feeding, pulverizing, and burning fuel including crushed-coal and pulverized-coal piping, feeders, pulverizers, 
burners, fans, ducts, control dampers, manual operating controls, and drives including motors. 


Stoker-firing system includes chain- or traveling-grate anthracite stoker, hopper, wind box, fan, ducts, and drives including motors. 


ual controls. 


Man- 


6 33 kwhr/ton for pulverized-anthracite system, 15 kwhr/ton for pulverized bituminous system, 1 kwhr/ton for stoker and fan at 1 cent per kwhr. 
¢ 4 cents per ton for pulverized-anthracite system, 2 cents per ton for pulverized bituminous system, 1 cent per ton for stoker and 10 cents per ton for stoker 


arches. 


@ $2.50 per ton of anthracite silt or culm, $4.50 per ton of bituminous coal, $3.50 per ton of No. 3 and No. 4 buckwheat mixture: 


25 per cent No. 4. 


75 per cent No. 3 and 


TABLE 2 
Capacity per boiler, Ib per hour 50,000— ,000 200,000— 
MINER sess og fae yin ve eaeah aie om Sree Bitum. ——Anthracite—\ Bitum. -——Anthracite—~ Bitum. Anthracite 
Silt Nos. 3 & 4 Silt Nos. 3 & 4 Silt Nos.3 &4 
buck. ; buck. ; buck 
MING WOUROG es. oe ad ive ce eu eee ees Unit pulv. Unit pulv. Stoker Unit pulv. Unit pulv. Stoker Unit pulv. Unit pulv. Stoker 
Relation to total firing, 
cost 
Fixed charges, per cent............-.. 2.6 4.9 Dm) 1.9 Sat ea ess 2.8 1.5 
[Ea Oita 10) eG REGGE & Ganon cory carat emer Sioil 10.9 0.3 3.1 11.1 0.3 3.2 11.2 0.3 
Maintenance, per cent........-.-.-.-- 0.4 as! O15 0.4 13 3.0 0.4 3 See 
aeliCOsty DEG CON bier. crete els mh eee hei te 93.9 82.9 95.0 94.6 83.9 95.0 94.9 84.7 95.0 
Rite Galina eet oiyeueiiey ot hisus sn Rat gos ak cet os 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 


vary with differences in the designed capacity of the boilers and 
with variations in the prices of the fuels compared. 

Fig. 12 shows the estimated money savings while Fig. 13 shows 
the yearly return on the additional cost of the pulverized-culm 
firing equipment. 

From Figs. 12 and 13 it may be seen that with $2.50 and $3 
culm, savings may be expected if the corresponding cost of the 
No. 3 and No. 4 buckwheat mixture exceeds $2.65 and $3.15, 
respectively. 

In those plants where pulverized-anthracite silt- or culm-fired 
boilers would be considered as competitive with anthracite stoker- 
fired boilers a satisfactory stoker fuel generally will cost from 
$3.50 to $3.75 per ton delivered. In such a plant the installation 
of a pulverized-culm- or silt-fired boiler which can burn the much 
cheaper culm instead of a stoker-fired boiler, will pay for the 


additional cost of the pulverizing and firing equipment in a very 
short time, generally less than a year. 
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Heat’ Transmission in Steel-Reheating 


Furnaces 


By J. E. EBERHARDT? anv H. C. HOTTEL,* CAMBRIDGE, MASS. 


In this paper the results of 23 tests on six continuous 
billet-reheating furnaces of widely varying size operating 
under widely varying conditions are presented and corre- 
lated by means of a relatively simple semiempirical equa- 
tion suitable for use in design calculations. The equation 
giving the heat transmission involves the product of a 
fourth-power temperature function, the effective hearth 
area, the emissivity of the flame due to its nonluminous 
constituents, and the continuity of operation of the fur- 
nace. The use of the equation in design calculations is 
illustrated. 

The second portion of the paper presents results of a 
more comprehensive test of one of the furnaces, including 
both terminal and intermediate conditions. The agree- 
ment between the results of tests on the various sections 
of the furnace and the heat transmission predicted from a 
rigorous consideration of the various contributing mecha- 
nisms is good. Since the method of attack outlined in 
this section is free from empiricism, its applicability 
is not limited to reheating furnaces. 


HE problem of evaluating the heat transfer in furnaces 
9 ie been approached, in general, in two distinct ways. 
The commoner method involves the use of an overall heat- 
transfer coefficient multiplied by the temperature difference be- 
tween furnace and stock, while the second consists of a detailed 
formulation of the various mechanisms by which the heat is 
actually transferred. The first of these approaches leads to a 
very simple formulation. However, at the high temperatures 
encountered in industrial furnaces, radiant-heat flow, expressed 
by an equation involving the fourth power of the absolute tem- 
perature, becomes so large as to overshadow convection. It is 
largely because of this that attempts to correlate furnace-per- 
formance data by means of a simple temperature-difference equa- 
tion have not met with marked success. The second approach, 
without the introduction of some simplifying assumptions, is in 
general too complicated for use in design calculations. 
For a treatment of the problem to have a wide range of useful- 
ness, the principles on which it is based should be general enough 
in nature to be applicable to any industrial furnace. It is also 
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desirable that, for the purpose of developing a technique of pre- 
dicting heat transfer in furnaces, a problem be chosen which is as 
straightforward and clear-cut as possible. A survey of steel- 
plant equipment indicated that continuous billet-reheating fur- 
naces, exemplifying high-temperature countercurrent heat ex- 
changers, offer the greatest opportunity for collecting data to be 
used in the development of a sound treatment of the problem. 
Schack (1), Heiligenstaedt (2), and Trinks (3) have contributed 
to the solution of this problem. 

In general, there are three different methods for developing 
an equation to represent any given process. These are GDY 62 
completely empirical correlation of a large quantity of data, (2) 
a completely theoretical attack, and (3) a combination of the 
first two methods, that is, a theoretical treatment with such 
simplifications, which may involve empiricism, as may be deemed 
advisable. 

The first part of the present work consists of the presentation 
and correlation of overall-performance data taken on six con- 
tinuous reheating furnaces operating under widely varying con- 
ditions. The correlation is accomplished with an equation 
which is of a form sufficiently simple for design calculations and 
which contains elements of both theory and empiricism. The 
second part consists of the presentation of complete data on a 
continuous reheating furnace, including both terminal and inter- 
mediate conditions, and a comparison of observed results with 
those calculated from a completely theoretical treatment. 


DEVELOPMENT OF MerHop or ATTACK 


On the assumption that the mechanism of heat transfer in a 
furnace may be more adequately expressed by a fourth-power 
than by a first-power equation, let us write 


Gf OE Si) spe ctolne coh oa {1] 
The nomenclature used in this and the following equations is: 
q = heat transfer to steel surface, Btu per hr 
K = proportionality constant 


T, = absolute temperature of gas stream, deg F + 460 
Tc = absolute temperature of steel surface, deg F + 460 


qr = heat flow from gas to surroundings, Btu per hr 
Pp = emissivity of gas due to all radiating mechanisms 
A, = refractory area per foot of hearth length, sq ft 


+ = 0.172 X 10-8, Btu per sq ft per hr per (deg F + 460)* 
Tp = absolute temperature of refractory, deg F + 460 
Aco = steel surface area per foot of hearth length, sq ft 
Gc = heat transfer to steel surfaces by convection, Btu per 
hr 
der = heat transfer to refractory by convection, Btu per hr 
Fo = fraction of radiation from steel surface intercepted by 
refractory surface i 
q. = external losses from the furnace walls 
N = hearth length, ft 
1 — pp = transmissivity of flame for radiation between re- 
fractory and steel surfaces. The transmissivity of 
a body is unity minus its absorptivity. The emis- 


« Numbers in parentheses refer to Bibliography at the end of the 
paper. 
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sivity would be equal to the absorptivity only if the 
flame were a gray body. The assumption that this 
is true should not, however, lead to any great error 
in the final result. 


The problem then consists of finding suitable methods for 
evaluating the two terms K and (7;!— T;*). For determining 
K, a modification of the treatment utilized by Haslam and Hot- 
tel (4) will be used. Thus, assuming for the moment that the 
surfaces bounding the gas mass in the furnace are black, an equa- 
tion of heat transfer can be written 


Qe = PrApNo(Tyt — Tr) + ppAcNo (Trt — Tc'*) 


On the right-hand side of this equation, the first term represents 
the radiant-heat flow from the gas to the refractory, the second 
term represents the radiant-heat flow from the gas to the steel, 
the third term represents the convection-heat flow from the gas 
to the steel, and the fourth term represents the convection- 
heat flow from the gas to the refractory. The total flow of 
radiant heat is therefore the sum of the first and second terms, 
while the total flow of convection heat is the sum of the third and 
fourth terms. 

A heat balance on the refractory walls can be expressed by the 
equation 


PrApNo(Tyr*— Tp) + 4.2 = 1 —pr) AcFcNo(Tri— Tc) +49, 
. [3] 


On the left-hand side of Equation [3] the first term represents 
the flow of radiant heat from the gas to the refractory while the 
second term represents the flow of convection heat from the gas 
to the refractory. On the right-hand side of Equation [3] the 
first term represents the flow of radiant heat from the refractory 
to the steel surfaces while the second term represents external loss. 

The temperature of the refractory may be eliminated by com- 
bining Equations [2] and [8] if the simplifying assumption be 
made that the heat transferred to the refractory walls by con- 
vection is equal to the external loss from them. Experience 
has shown that this is a justifiable assumption and that a large 
error in it does not materially affect the final result. The 
equation resulting from the elimination of T'p is 


1 


Pr Ar 
1— py AcFe 


Qr = PrpN [ Ac + Ap o(T rt — T¢*) + ac 


1 
+ eye Aen 


Equation [4] differs from Equation [1] in that (1) g» represents 
all heat transferred from the gas, whether to the billets (and 
skids) or as external losses, whereas q does not include external 
losses; (2) Equation [4] includes convection terms; and (3) 
Equation [4] is valid only for point conditions whereas Equation 
{1] represents overall furnace performance. Similarity of form 
suggests defining K by the equation 


1 


Pr’ Ar 
1 — py’ AcFo 


K = pp’ [Ac + Ap 


No = pz'A'No...[5] 


ai 


in which pp’ is the pseudo emissivity, including both radiation 
and convection. Inasmuch as by far the greater portion of the 
heat transmission is by radiation, this treatment should be more 
satisfactory than the use of a pseudo convection coefficient which 
includes radiation. 

In the derivation of Equation [4], all surfaces surrounding the 
gas in the furnace were assumed black. The factor by which the 
radiation term should be multiplied to allow for nonblackness 


of these surfaces is difficult to evaluate if the emissivity of the 
surroundings is low, but it approaches the emissivity of the sur- 
roundings as that emissivity approaches unity. The average 
value of the emissivity of the steel will be called pg, and in sub- 
sequent calculations will be assumed equal to 0.9. Equation 
[5] is now modified to 


The total effective heat-receiving surface A’ may be thought of 
as the steel surface plus a certain fraction of the roof and wall 
surface, a concept similar to that of an ‘‘equivalent hearth area”’ 
(5). In this connection it is to be noted that, in billet-reheating 
furnaces, the quantity PF, is numerically equal to unity. A 
complete discussion of this treatment has been given by Haslam 
and Hottel (4). 

The evaluation of an average temperature difference to be used 
in a consideration of the overall performance of a heat exchanger 
operating at a low temperature has been accomplished in a 
number of ways, of which probably the most familiar is the loga- 
rithmic mean of the terminal temperature differences. These 
treatments, however, are valid only for convection. The prob- 
lem here is more complex inasmuch as, in a rigorous treatment, 
it would be necessary to consider not only temperature differences 
but also differences of the fourth power of the absolute tempera- 
tures. Since the original hypothesis of this treatment was that 
heat transfer in furnaces occurs largely by radiation, efforts 
toward finding a method for evaluating (774 — T¢*)avg will be 
confined to the consideration of radiant-heat flow. 

Consider a countercurrent heat exchanger with constant 
weight rates of flow and constant specific heats of, for example, 
gas and steel. Heat transfer in this heat exchanger is to take 
place only by direct radiation between the gas and steel, each 
having a constant emissivity. In a differential length, then 


dq = k(T;74 x T o*)dA = W,C,dTp = WC (dT ¢. * aes (6] 
and, for the heat exchanger as a whole 


q = KT — Te)ave A = WrC p(T — Tro) 
= WC(Ta —— es) ieee 


where k = proportionality constant, d denotes differential, 
W, = weight rate of flow of gas, W, = weight rate of flow of 
steel, Cr; = specific heat of gas, C; = specific heat of steel, 
subscript 1 denotes hot end of furnace, and subscript 2 denotes the 
cold end. 

Integration of Equation [6] gives 


Tr To 
dT p , aT ¢ 
kA = wees f Ty? — To! = WCe fh Ty fete 
Tr: TC: 
whence, from Equation [7] 
eee To —T 
(enn pide Ble, ore ee 
dT» adT'¢ 
Tr = Tc! T,4 =z Toh 
Tr: TC: 


From the relation between 7’; and 7’, obtained by integrating 
Equation [6] between limits corresponding to terminal and inter- 
mediate points of the interchanger (774 — T’¢)avg, as defined 
in Equation [8] may be determined and will, of course, depend 
only on the terminal temperatures 7'71, Tm, To, and T'co. 
In the hope of obtaining a simple empirical relation between 
the desired (77+ — T¢*)ayg and the four terminal tempera- 
tures, a number of graphical integrations of Equation [8] were 
performed for various assumed terminal conditions and the re- 
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TABLE 1 DETERMINATION OF (fF! — T¢*)avg 
Deg F + 460— (Deg F + 460)4 X 10-2 ‘ 
True Method Method Method Method 3 
TF TF2 Toa To. (Trt — Tor) (Trot — To2') ave 1 2 3 true avg 
4000 2500 2500 500 217 39.0 92.8 106 128 92.0 0.99 
4000 2000 2500 500 217 15.9 52.9 75.9 117 58.7 inet 
3500 2500 2500 500 110 39.0 71.5 75.9 74.5 65.4 0.92 
3500 2000 2500 500 110 15.9 41.5 52.0 62.9 41.9 1.01 
3500 1500 2500 500 110 5.0 21.5 34.0 57.5 23.4 1.09 
3000 2500 2500 500 41.9 39.0 39.5 52:0 40.5 40.4 1.02 
3000 2000 2500 500 41.9 15.9 24.9 34.0 28.9 25.8 1.04 
3000 1500 2500 500 41.9 5.0 13.9 20.5 23.5 14.4 1.04 


True average is the average as determined by graphical integration of Equation [8]. 


Method i= (= as > (7 + Fes)‘ 


V/ (Trt — To4) (TF2* — Tc24) 


Method 3 


sults compared with various simple arbitrary averages. The 


» results are presented in Table 15 and indicate that the geometric 


~ mean of the terminal fourth-power temperature differences ade- 
quately represents the true average, i.e. 


(Tp! —T eave = V(Prvt — Tea) (Trait — Tes!) ... 19] 


No claim is made that this simple type of mean is applicable 
to all types of problems involving radiant-heat flow. For the 
full range of probable variation of conditions in billet-reheating 
furnaces, though, it should be adequate. 

The direct application of this geometric mean in design cal- 
culations presupposes a knowledge of the gas temperature at the 
hot end of the furnace, a quantity possessing a high degree of 
unpredictability. As a consequence of this, the temperature 
which will be used in the final equation is the theoretical flame 
temperature. The term “theoretical flame temperature” is 
used here to indicate the temperature attained in an adiabatic 
combustion of the air-fuel mixture, as actually fired into the fur- 
nace, to conditions of thermodynamic equilibrium, i.e., with due 
allowance for dissociation effects, if any. 

Although this temperature is certainly not equal to the actual 
gas temperature at the hot end of the furnace, it is a predictable 
quantity and undoubtedly parallels and consequently measures 
the actual conditions in the furnace. Whether its use is justified 
will depend on the character of the correlation to be obtained. 

The final equation of heat transfer to the steel (and to the 
skids under it) is 


Ap 

_ Pr'Ar __ 

(1 — pp’)Ac 

x No V/ (Prt — Ter’) (Trt — Teo!) 


wherein 7'r; is to be taken as the theoretical flame temperature. 

The merit of Equation [10] for use in design calculations de- 
pends on the predictability of pp’. The evaluation of this quan- 
tity is considered next. 


ae 


EVALUATION OF pp’ 


In Table 2 are presented overall-performance data taken on six 
different billet-reheating furnaces. Diagrams of these furnaces 
are shown in Fig. 1. 

Since Table 2 includes the necessary data for the calculation of 
all terms in Equation [10] except pp’, this equation, for pur- 
poses of correlation, has been used in the calculation of pp’. 
This quantity has a magnitude dependent on the sum of several 
mechanisms of heat transfer which are: (a) radiation from the 
water vapor and carbon dioxide in the gas stream; (b) radiation 
- from luminous particles in the flame or gas; and (c) convection 


5 Other methods besides those given in Table 1 were tried but with 
results of no value. 


(Trt — Tot) + (Ret — Te!) 
> 


Method 2 = 


from the gas stream; it should furthermore be affected by varia- 
tions in the steadiness of furnace operation. 

The first of the heat-transfer mechanisms mentioned is un- 
doubtedly the most important in furnaces of the type under con- 
sideration. Recent data on thermal radiation from carbon di- 
oxide and water vapor are available in the literature (5), eX- 
pressed as a function of two variables, the gas temperature and a 
product PL, where P is the partial pressure of the radiating 
constituent in atmospheres and L is the average length of the 
radiant beams in feet, in the shape under consideration. These 
data permit an evaluation of an effective gas emissivity merely 
from a knowledge of the composition of the gas stream, the size 
and shape of the furnace, and the temperatures of the gas stream 
and the steel surface. 

The values of pg, the effective emissivity due to nonluminous 
radiating constituents, were calculated from the known composi- 
tion of the gas and the known size and shape of the furnace (see 
appendix). For the sake of simplicity, the gas temperature was 
taken as the arithmetic average of the theoretical flame tempera- 
ture and the exit flue-gas temperature while the billet temperature 
was taken as the arithmetic average of its terminal values. It is 
admitted that the effective gas emissivity calculated in this man- 
ner may not equal the actual effective emissivity although sub- 
stantial parallelism should exist between the two. 

In the ratio pp’/pg presented in Table 2, py’ is an experi- 
mentally determined quantity and pg is a quantity calculated 
as outlined previously. Examination of the data indicates a 
variation in this ratio from 0.55 to 1.37. This lack of constancy 
may have been caused by (a) failure of nonluminous gas radia- 
tion to control the process to a sufficient extent to make the other 
mechanisms of heat transfer unimportant, or (6) irregularity of 
operation of the furnaces during the tests. The latter factor 
will be considered next. 

Both experience and theory indicate that the continuity of 
operation of a furnace has a marked effect on its performance 
and that regularity in pushing billets is attended by high ef- 
ficiency. In Table 2, under the heading ‘‘remarks,’’ may be 
found some indication of the degree to which continuous opera- 
tion was approached in the various tests. Unfortunately, the 
data on this point are meager, the tabulated remarks being only 
qualitative. However, there seems to exist a very definite 
relationship between the ratio pp’/pg and the operation of the 
furnace. This is shown in Table 3. 

It is to be observed in Table 3 that, with character of operation 
specified, the ratio pp’/pg varies little, and that the ratio 
varies with the character of operation in a regular manner. 

To obtain a quantitative expression of the degree of continuity 
of operation of a furnace, one might take the ratio of the average 
hourly weight of steel put through the furnace for long-period 
operation to the hourly weight of steel put through the furnace 
for steady operation (equal time intervals between billet push- 
ings), the billets in each case to be of the same length. This 
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TABLE 2 OVERALL-PERFORMANCE DATA ON SIX BILLET-REHEATING FURNACES 
Teat nur ber eras 2s anyome aries mites ‘i 2 3 4 5 6 7 8 9 10 11 
Parnes number...... Rea iear ghee 4 4 a 4 4 4 & 4 4 4 4 
ee ae jee oie 1.9 1.9 1.9 1.9 1.9 1.9 1.6 1.9 Dee 10.6 8.6 

es PRE ee on ne Gusta be 27 2.7 Oi, Dis) ez OT 2.6 2.8 Bare 0.6 0.6 

Osos ee ee ee 1.9 1.9 1.9 1.9 1.9 1.9 0.9 0.6 0.7 0.7 0.6 

COL suc ae Soe eee 4.7 CO 4.7 4.7 4.7 4.7 5.2 isa Lise 22.1 18.8 

CH teenie aot eee 27.0 27.0 27.0 27.0 27.0 27.0 28.8 30.9 28.6 6.5 9.2 

Hs... 47.5 47.5 47.5 47.5 47.5 47.5 52.3 54.5 47.8 11.2 Die 

Re CRE APTS AG eaten, Geka 14.3 14.3 14.3 14.3 14.3 14.3 8.6 3.8 ties 48.3 40.8 
f hr (60 F, 30 
Firing ate exe eve ie se ee te 67.6 68.0 59.5 57.6 74.5 60.5 63.3 60.9 55.8 188.0 95.0 
ft (60 F, 
Lower henge alan, Sin ee poe \ 5 eee: 433.0 433.0 433.0 433.0 433.0 433.0 455.0 496.0 466.0 168.0 210.0 
ne aera ek ak sess 9.3 9.6 8.6 8.3 9.2 9.2 8.1 8.5 8.6 18.7 13.8 

OR Re Roe a be ie os re aS Be 0.9 0.5 3.2 3.9 0.2 0.9 0.8 1.1 0.7 1,2 2.9 

CO Re ee ee 0.5 0.5 ce! 0.2 1.6 0.5 7S: es 2.0 av: We 

1 COE at, Runes Ao nee oon ener ae” 0.8 0.5 nee 0.2 1.9 0.6 1.6 0.9 1.5 2 ier 

NE enn ae oat ee fea 88.8 88.9 Sse 87.3 87.1 88.8 87.3 88.2 S72 60.1 83.3 
Exit flue-gas temperature, F............ 1284 1343 1249 1459 1627 147. 1390 1480 1400 1990 1765 

harged, 1000 Ib per hr.......... 26.0 2722 16.4 22.3 28.4 24.0 25.9 24.6 29.8 24.4 17.4 
Bare onote fi eat es oe acta a ea 8.5 8.5 6.25 8.5 9.0 8.5 7.2 8.0 8 ce 7.0 
Exit billet temperature, F.............. 2290 2290 2255 2300 2255 2305 2385 2475 2230 2370 1940 
Ain prohedtabcd a sate See © aie an None None None None None None None None None 565 320 
Heat input in fuel, 6 million Btu per hr.. 29.3 29.5 25.8 25.0 32.4 26.1 28.6 30.2 26.0 31.6 20.0 
Heat input in air, million Btu per hr, ; 

Bhave OOF 2 teks eel e ets <3 st one Jide mare Stas 4 em 2.8 1.0 
Heat in billets leaving, million Btu per hr 9.2 9.7 5.7 8.0 10.1 8.5 9.6 4 10.6 8.9 5.3 
Stack loss, million Btu per hr.......... 9.4 9.6 8.1 9.7 14.2 9.7 11.5 12.6 10.3 18.8 10.8 
D>. 1 loss, by diff , million Btu 
Bas Rasiteeoenticn: ae ares 10.7 10.2 12.0 Zed 8.1 7.9 Wat 8.2 5.1 6.7 4.9 
Efficiency, based on lower heating value@. 31.4 32.8 22.1 31.9 3Ie2 32.6 33.4 31.1 40.7 28.2 26.5 
Pencoutqethearocal aie) 258. phils 108.5 105.6 122.2. 122.67) 9100/0) = 90825.) 0020? 9114537 =100,025 7 10siommeei25e2 
Theoretical flame t ature,¢F....... 3450 3490 3400 3350 3400 3450 3430 3340 3490 3190 3050 
Dice: AENEAN oe ar 304 320 290 263 288 301 280 231 329 195.2 204 
Dihle Siero isn ee ee 15.8 18.2 14.8 2352 31.5 23.5 20.0 24.2 20.5 61.9 43.5 
Deen can: ce Re eer ee 69.3 76.4 65.5 78. 93.0 84.0 75.0 74.6 Soe t ORO 94.3 
PAl as ccc e eve cee deen asec ee wae ree e neds 0.159 0.151 0.114 0.123 0.124 0.122 0.169 0.157 0.160 0.101 0.073 
Di sechos hos cpsy ae ey Le ee 2.16 2.16 2.16 2.16 2.16 2.16 2.16 2.16 2.16 2.16 2.16 
Pa eR EE An AND AONET SSE 0.152 0.156 0.146 0.144 0.151 0.151 0.143 0.146 0:146 0.130 0.134 
DUI DG ses see Roa a EERE Cora : 1.05 0.97 0.78 0.85 0.82 0.81 1.18 1.08 1.10 0.78 0.55 
Remarks on steadiness of operation..... N N U U U U Ss iS) 8 U EU 
wane IEEEE undoubtedly not entirely representable by the simple continuity 
K 59 Ft 4 ® }-—— 41 Ft —_] @ ratio a. This effect must also depend on the length of the period 

: + Avg. Height — 1.0 Ft, Ft. ‘fees rf during which no shutdowns occur as well as on the comparative 
LP ae Se Dd lke FA. lengths of the shutdown period and the interval between suc- 
eee reraerreeree EEE cessive billet pushings. For example, if it is desired to heat steel 
LLL . : 
eer at an average rate of 120 billets per hour, one could operate in 
WLLL CLIEEEIIE EE EL IEE EEE EIIEEIER i 
395 ©) AT one of the following ways: (a) Run 8 hours at the rate of 150 
O22IEAILET III III III III 7 on 4) 7 
Avg.Height~1.15 Ft. “Ties Ft. Ete paid Ve Ft. billets per hour and shut down completely for 2 hours; (6) run 
a4 ie eis: aces continuously at the rate of 120 billets per hour; and (c) run 48 
minutes at the rate of 150 billets per hour and shut down for 12 

Seige minutes every hour. The first case cited corresponds very 

TELE a closely to a furnace with a rated capacity of 150 billets per hour 

— i ©) Avg Height when operating steadily; the second corresponds to a furnace 

dis Hantate ee te J 25 Ft. #3 Ft with a rated capacity of 120 billets per hour when operating 

Vg. = 
a ‘ : steadily; the third represents a condition intermediate between 
= ee the first two for which a is 0.8. The a@ concept will predict 


Fie. 1 DraGRamMMaric SKETCHES OF FuRNAcES TESTED, SHOWING 
VERTICAL AND HorizontaL Sections THrovueH Masor Axis 


(Furnaces 4 and 5 have an active hearth length of 42 and 39 ft, respectively, 
because the hot gases did not travel over the full hearth length.) 


ratio will be called the “continuity ratio” and be designated by a. 
Unfortunately, the data given in Table 2 permit no quantitative 
correlation on this basis. However, results of recent tests (to 
be discussed later), in which data on the continuity of operation 
were taken, indicated that for steady operation, when pp’/pg 
should be a maximum, the value of that ratio was 1.20 (in good 
agreement with the values given in Table 2 for steady operation); 
and that for operation with a equal to 0.85, the value of pp’/pg 
was 1.0. A consideration of these tests, as well as the definite, 
though qualitative, relationship between continuity of operation 
and pr’/pg shown in Table 2, has led to the recommendation of 
the following equation for predicting p,’ 


where a, the continuity ratio, is evaluated as described previously. 
The effect of unsteady operation on furnace performance is 


the same furnace length (for fixed efficiency and neglecting change 
in the ratio of losses to heat picked up by steel) for cases (a) and 
(c), namely, a furnace 1.0/0.8 or 25 per cent longer than for the 
steady operation of case (6). This prediction is either somewhat 
high for case (c) or low for case (a), since case (c) must lie between 
cases (a) and (6). Exact consideration of the effect of irregular 
operation is not possible without more data than are at present 
available. In general, furnaces of the type being discussed are 
designed for regular or very nearly regular operation, i.e., for a 
greater than, say, 0.8. In this range, values of py’ as pre- 
dicted from Equation [11] should be sufficiently accurate for use 


TABLE 3 RANGE OF THE RATIO pg//pg DURING THE TESTS 


Operation Test number Range of pp/Pg 
Steady satis cna ahartin n costes PB 1.08-1.18 
Nianwial: Sat ana. ace. wee nee ee 1, 2, 12,18 0.97-1.07 
Tan Cond: ver eee dees eek soe 3,4, 5,6, 10, 13,14,15  0.78-0.91 
Extremely unsteady............. ih Waly g 0.55-0.65 


Nore: Test no. 16 is not included in this table because the short length _ 
of the test period introduced a heat-storage error. Tests no. 19, 20, and 21 
are not included because of lack of data on the continuity of operation. The 
abnormally high value of py//pg in test no. 19 may have been caused by the 
probable high luminosity of the flame resulting from diffusion-flame combus- 
tion with a marked’ deficiency of air. 
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TABLE 2 (Continued) 
PEGAb UME eS castrer lwo were lene a 12 13 14 15 16 17 18 19 20 21 
Furnace number............ 5 5 5 5 5 6 6 1 Z 3 
Fuel analysis, per cent dry: 

Ng ec ton pin ate e tt iss ayey inn saste Neate 2.5 bee | 1.6 2.3 2.6 2.1 2.0 7.4 2.9 4.4 
COGN aie ope odie 3, tara Sasso Pore arena 5.3 2.6 Wade 2.9 2.7 2.5 3.0 0.5 2.2 1.4 
(0 RSE Ure ReneS Scere ele Sey eat a) 1.5 Vaal 1.0 abe at 2.9 2.1 2.0 0.2 0.8 0.3 
NGO. oe ee Rt epetsecta cede eis wteke fe 3.3 5.0 5.9 6.9 6.0 5.9 5.0 23.9 5.6 16.7 
NOSE a 2 ecg tite: andes: crac ccc ges uv ani teeslls SLY 28.0 26.8 PHL OYE 26.1 25.1 27.7 26.0 7.3 23.5 12.6 
Ig MNE Ce Ae crak heahs theirs See ee ts eee 52.6 52.9 57.1 53.2 50.9 52.0 55.0 14.5 53.0 30.5 
BREE ERA car 2 Oe os ates 6.8 8.5 5.0 7.5 9.8 fall 7.0 46.2 TON OMS Let 
Firing rate, 1000 cu ft per hr (60 F, 30 

in, sat.)..-.. 2-22 e eee eee ee a 101.5 108.1 107.0 a lyay¢ 108.0 32.5 50.0 140.0 20.2 51.5 

Lower heating value, Btu per cu ft (60 F, 

ERT BA Ge) se rwraeela ere ra rere c avsitor ore tamer ai ersten 485.0 446.0 447.0 440.0 422.0 446.0 441.0 188.0 435.0 269.3 

Flue-gas analysis per cent dry: 
6.8 8.0 7.8 8.4 9.0 4.4 §.1 15.9 8.7 10.6 
6.4 3.8 a IBY 3.2 1.2 15.2 ate eee eee Deal 
A 0.4 0.3 0.1 dessa Dearie ato 3.9 2.1 3.3 
= 0.2 SAS crests ate more 2.0 1.4 1.6 
86.8 87.6 90.2 88.3 wh 80.4 83.9 78.2 87.8 84.4 
1330 1640 1500 1690 1615 1260 1520 1580 1400 1720 
Billets charged, 1000 lb per hr.......-.. 31.5 54.2 38.6 52.5 72.7 16.4 36.4 20.7 9.25 13.2 
Billet length, ft evresiarencarecitheieie wcetaree, eon) arch 14.0 14.0 14.0 14.0 10.0 30.0 30.0 6.5 3.5 6.5 
Exit billet temperature, F............-. 2300 2165 2250 2315 2200 1880 2000 2400 2450 2430 
Air preheat, FB... 2... ree eee cee canes 300 None None 790 730 560 580 None 300 None 
Heat input in fuel,’ mijlion Btu per br... 49.1 48.4 47.8 §1.2 45.6 14.5 22.1 26.3 8.8 13.9 
Heat input in air, million Btu per hr, 

BDOVE!O0 Bi ccjac ss odes coin  c 3.4 wee ree 8.4 6.4 3.0 4.3 ale 0.3 nse 
Heat in billets leaving, million Btu per hr 11.3 18.5 1355 18.9 24.8 4.7 11.4 Gok 3.5 5.0 
Stack loss,* million Btu per hr.,........ 20.6 21.2 19.0 23.4 19.0 8.1 12.9 15.3 3.3 Cte 
External loss, by difference, million Btu 

RIOT AT ors bsg 5 ciote ofe! onions a Wareratereye tere aieNe 20.6 8.7 15.3 Wy (ere 9.2 4.7 2.1 3.3 2.3 To2 
Efficiency, based on lower heating value?. 23.0 38.2 28.2 36.9 54.4 32.4 51.5 29.3 39.8 36.0 
Per cent of theoretical air..........-.-- 149.3 122.4 122.0 122.5 117.5 227.0 201.0 83.5 92.8 94.4 
Theoretical flame temperature,°F....... 3070 3370 3240 3680 3860 2540 2900 2930 3875 3170 
AMM a a oeIN Cc sc lereie tte nieracsmiw celal my emeag o's 168 288 229 401 513 87.6 156 112.1 480 179 
ER cdc a hereon rater wk w fare arerrarseVerotie tn) Siigitettere 18.3 33.2 25.2 SOs 31.6 14.9 26.3 29.6 20.5 38.7 
Dg Sac rom See Hee Once eames neioiony Olean 55. 97.8 76.0 121.3 127 36.2 64.0 57.6 99.1 83.3 
Orie ob oboe Serer Oe enc ora Seo Oca 0.175 0.163 0.153 0.134 0.213 0.118 0.163 0.167 0.105 0.111 
WE TR Ahad cibrs ic encase nea ec ayste ren 3.20 3.20 3.20 3.20 3.20 4.00 4.00 1.92 1.60 1.84 
Be inte ahi Bunvhans nap ane Ts/oitan nee acaiesnsnincseh ess 0.163 0.180 0.178 0.167 0.179 0.182 0.170 0,122 0.113 0.124 
Dp'/Pg oe ty Reeth ee aan Semmes aoe ; 1.07 0.91 0.86 0.80 1.19 0.65 0.96 Lol 0.93 0.90 
Remarks on steadiness of operation...... N U U U ss EU N 


@ Tests 1 to 18, inclusive, 
Tests 19, 20, and 21 from data by Schack (1). 

6 Heat input based on lower heating value. 

¢ Stack loss includes unburned gas. 

d Efficiency includes air preheater, if any. 

» Theoretical flame temperature corrected for dissociation. 


from reports of the Buffalo Station of the School of Chemical Engineering Practice, Massachusetts Institute of Technology 


Dié = 0.172 X 10-8 (theoretical flame temperature, F + 460)4 — (exit billet temperature, F + 460)4. 
D24 = 0.172 X 1078 (exit flue-gas temperature, F + 460)+ — (entrance billet temperature, F + 460)‘. 
Dave! = geometric mean of D4 and Dot = V¥(Di4 X De‘). 
Ppt = (heat to billets)/pgA’N Dave‘, where N = length of furnace, pg = 0.9, and A’ = Ag + Ap ( = —Z ) 
F R 
F 1+ [— pF Ac 
L = average length of radiant beam = 1.6 X (average free height above billets). : : 
Pg = effective emissivity of gas in furnace due to nonluminous radiating constituents. Calculated at arithmetical mean of theoretical flame tempera- 
ture and exit flue-gas temperature, radiating to billets at arithmetical-mean billet temperature. 
ss = steady operation, short test period. 
N = normal operation. 
Ss = steady operation. 
U = unsteady operation. 
EU = extremely unsteady operation. 


in design calculations. However, since the data used for deter- 
mining the constant in Equation [11] were obtained for opera- 
tion with premix burners yielding substantially nonluminous 
flames, the limitation of use of that equation to similar combustion 
eonditions must be recognized. Whether operation with long 


© - STEADY OPERATION 
© - NORMAL OPERATION 
& - UNSTEADY: OPERATION 
x-VERY UNSTEADY OPER'N 


0.20 


0.16 SI-RECENT TEST («<=1.0) 
@-RECENT TEST ( *=0.85) 
0.12 
‘a 
0.08 
0.04 


0 
0. 004 0.08 0.2 
Pg 


Fie. 2 Corre“ation or Test DaTA 


0.16 0.20 


flame or diffusion flame combustion would be attended by an in- 
creased heat transmission due to high flame emissivity, or whether 
that higher emissivity would be offset by the lower flame tem- 
perature is not known. The net effect of the change in combus- 
tion conditions would probably not be great. 

Fig. 2 shows the data from Table 2 and from the recent tests 
plotted as py’ versus pg. It is to be noted that the points lie in 
rather well-defined bands for a given character of operation. 
The lines for given values of a represent Equation [11]; the 
spread between the points and the lines may well represent minor 
differences in the continuity of operation of the various furnaces 
during the test periods. 

All of the terms in Equation [10] have now been defined in 
terms of known quantities; the next section deals with the use of 
this equation in design calculations. 


Drsian CALCULATIONS 


The fuel consumption or the furnace efficiency is one of the 
major factors entering into an economically sound design of a 
furnace with definite capacity requirements. These quantities 
are directly calculable from Equation [10] as functions of the 
furnace length. The use of this equation, however, presupposes 
a knowledge of certain quantities consideration of which is be- 
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yond the scope of this presentation. The more important of 
these may be briefly summarized as follows: 

1 Dimensions of furnace other than length, determined by 
consideration of such items as size of stock, gas flow, prevention 
of direct impinging of flame on stock. 

2 Air preheat temperature. This temperature obviously 
should be the maximum allowable, a quantity dictated largely by 
experience. 

3 Percentage of theoretical air. This quantity should never 
be more than slightly above 100, some steels requiring marked 
deficiency. In general, it is most economical to fire with a slight 
deficiency of air. 

4 External losses. These losses are calculable by methods 
available in the literature. 

5 Loss to such equipment as water-cooled skids. 

The use of Equation [10] in design calculations is best illus- 
trated by the presentation of an example. 

Statement of Problem. A billet-reheating furnace is to be de- 
signed to heat an average of 50,000 Ib of steel per hour from 80 F 
to 2200 F. The fuel available is a gas with a lower heating value 
of 450 Btu per cu ft and is to be burned with cold air to produce 
5.6 cu ft of total flue gas per cu ft of fuel. The flue-gas analysis 
(wet basis) will average 9 per cent COs, 20 per cent HO, and 71 
per cent Ny and O». ‘The billets are to be 15 ft long and the 
average free height over them is to be approximately 2 ft. 

Auxiliary Data. The estimated heat transfer to water-cooled 
skids is 2,000,000 Btu per hr. The external losses vary with the 
length as follows: First 10 ft, 1,000,000 Btu per hr; second 10 
ft, 700,000 Btu per hr; third 10 ft, 500,000 Btu per hr; and there- 
after 20,000 Btu per hr per ft. It is expected that a will be 
about 0.8. 

Solution. Obviously, there is no singular solution for the 
problem as stated, therefore, one more condition must be fixed. 
Although one may choose as a basis a fixed furnace length, firing 
rate, efficiency, or stack-gas temperature, the problem requires 
a tedious trial-and-error solution unless discrimination is used 
in the choice of the variable to be fixed. In the present example 
it will become apparent that the solution is simplest if the stack- 
gas temperature is fixed. Accordingly, that temperature will 
be fixed for the present example at 1750 F, and the necessary 
furnace length will be found. 

Per foot of furnace length, the steel surface area Ag is 15 
sq ft (neglecting ends of billets) and the refractory surface area 
Apis 15 + 2 + 2 = 19 sq ft (neglecting clearance between the 
ends of the billets and the side walls). End clearance is neglected 
here for the sake of simplicity. It was not neglected in the cor- 
relation of the data in Table 2. Its effect becomes important 
when the billets are short compared to the furnace width. 

Steel at 2200 F has a heat content above 80 F of 345 Btu per 
lb; the heat absorbed by the steel is 50,000 X 345 = 17,250,000 
Btu per hr. The theoretical flame temperature corresponding 
to conditions is 3500 F. Then, for the hot end of the furnace 


0.172 & 1078 (39604 — 26604) = 336,000 Btu per sq ft per hr 
and for the cold end 
0.172 X 1078 (22104 — 5404) = 40,800 Btu per sq ft per hr 


The geometric mean of these values = 117,000. 
From gas radiation charts available in the literature (5), the 
value of pg is found to be 0.187 (see Appendix). Then 


Pr’ = 1.2 X 0.8 X 0.187 = 0.180 


One may now substitute these values in Equation [10] to find 
the furnace length N corresponding to total heat to and through 
the steel of 17,250,000 + 2,000,000 (heat absorbed by steel plus 


heat flow through billets to skids) Btu per hr. From Equation 


{10] 
“ £ 19,250,000 
~~ 0.9 X 0.18 X 29.9 X 117,000 


= 34 ft 


The external losses then are 2,280,000 Btu per hr. 
rate can then be found from the relation 


The firing 


heat to billets + heat to skids + external losses 
net heat from gas per cu ft = (450 — stack loss per cu ft) 


firing rate = 


__ 17,250,000 + 2,000,000 + 2,280,000 
ci (450 — 204) 


= 87,500 cu ft per hr. 
Finally, the furnace efficiency, based on the lower heating value 
of the fuel, is 


heat to billets —_-_:17,250,000 
450 X firing rate ~ 450 X 87,500 


efficiency = = 44 per cent. 


a | 

w 

w 

CALCULATED CHARACTERISTICS a 

! . oO 

| OF A = 

BILLET REHEATING FURNACE .: 

x ] - 2 

3 

> és 
Lo 

o = 

S 2 

g 

pa] 

s 

~~ 

30 4 
FURNACE LENGTH — FT 
Fig. 3) RetaTion BETWEEN FURNACE EFFICIENCY AND LENGTH FOR 


Fixep Capacity AND COMBUSTION CONDITIONS 


Since, in making a final decision on furnace length, a balance 
must be made among the various factors influencing the operating 
cost of the furnace, the preceding calculation should be repeated 
for other fixed values of stack-gas temperature. The results of 
such calculations are shown in Fig. 3, which shows the necessary 
furnace length corresponding to different thermal efficiencies of 
fuel utilization. With appropriate cost data, discussion of which 
does not properly come within the province of this paper, a de- 
cision could be made as to the most economical furnace length. 

The method of calculation outlined is intended to apply only to 
the heating sections of billet-reheating furnaces. For relatively 
small billets (less than 6 in. thick) the entire furnace length may 
be considered as a heating section, but when thicker billets are to 
be heated it becomes desirable or even necessary to provide a 
separately fired temperature-equalizing or soaking section because 
of the excessive temperature differences through the billets set up 
by rapid heating. In a true soaking section very little heat is 
transferred to the billets, the heat given up by the gas being very 
nearly equal to the external losses from the:section. In this 
case a solution for the proper length of the furnace involves the 
use of Equation [10] to determine the length of the heating sec- 
tion. The length of the soaking section depends on the billet 
thickness, the temperature gradient existing at the end of the 
heating operation, the permissible temperature gradient at the 
end of the soaking operation, and the permissible maximum sur- 
face temperature during heating. 

The problem of predicting the change in the performance of a 
given furnace with a change in one or more of its operating 
variables is capable of solution by means of Equation [10]. 
In this case the furnace dimensions are fixed and the solution, at 
first glance, would seem to involve trial and error. However, by 
choosing exit flue-gas temperatures, as in the calculation de- 
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scribed previously, interrelationships between the furnace ca- 
pacity, efficiency, and any of the operating variables such as the 
air preheat temperature, the heating value of the fuel, and the 
billet length may be obtained. 


ComeLete Trst oN A SINGLE FURNACE 


The character of the correlation of reheating-furnace data ob- 
tained by the use of Equation [10] suggests that a similar treat- 
ment of other types of furnaces might not be without merit. On 
the other hand, Equation [10] is open to the objection common to 
all equations having an empirical or semiempirical basis, namely, 


8.3 Ft. 15 Ft. (3.3 Ft. 


ei 


ie 3 SK! 
FREE HEIGHT®1.6 Ft. FREE HEIGHT =4.6 Ft. 


WIOTH OF FURNACE =17 FT 


Fiq@. 4 DraGraMMatic SKETCH oF FuRNACE T3TED 


that the use of such equations is not safe for conditions which are 
very different from those for which they were derived. In gen- 
eral, that treatment is to be preferred which depends on a more 
or less precise description of the actual mechanisms of heat trans- 
fer involved, provided the underlying theory has been well sub- 
stantiated and that the final equations are not too complex for 
practical use. 

The test described here was undertaken to obtain data both 
to be used in further correlation by means of Equation [10] and 
to find the extent of the agreement between the observed heat 
flow and that as predicted by the treatment outlined in Equa- 
tions [2] to [4]. 

The furnace which was tested, a sketch of which appears in 
Fig. 4, was a continuous billet-reheating furnace. Test data 
were taken continuously over a period of 22 hours so that caleu- 
lations on both average and steady operating conditions could be 


TABLE 4 TEST DATA 


Fuel gas 

123,400 cu ft per hour (60 F, 30 in., dry) 

0.03 cu ft of water vapor per cu ft of dry gas 

Temperature, 110 F 

Analysis (dry), percentages: 6.3 COs, 1.6 C2Hi, 0.9 Oz, 13.6 CO, 

34.6 He, 26.7 Ne 

Lower heating value 312.4 Btu per cu ft (dry) 

Theoretical fame temperature (as fired), 3100 F 
Air 

Temperature, 580 F 

Humidity, 0.023 cu ft per cu ft of dry air 
Billets 

54,500 lb per hour 

37/sin. X 37/sin. X 9 ft 

Entering temperature, 80 F 

Leaving temperature, 2110 F 

2.5 per cent of steel forms mill scale 
Flue gas 

Temperature, 1950 F 

Analysis (dry), percentages, 9.1 CO2, 6.0 Oc, 84.9 Nz 
Losses 

External, 2,000,000 Btu per hour 

Skids, 1,700,000 Btu per hour 

Chill plate, 300,000 Btu per hour 


made. The data presented in Table 4 were taken during the 
latter portion of a 4-hour period of steady operation. 

The overall heat balance for the period of steady operation is 
presented in Table 5. Attention is called to the small magnitude 
of the unaccounted-for item. 

According to the method given in Table 2, pp’ = 0.198, pg = 
0.165, and pp’/pg = 1.20 for steady operation (a = 1.0). 
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TABLE 5 HEAT BALANCE AROUND FURNACE EXCLUSIVE OF 
AIR PREHEATER 
10° Btu Per 
per hr cent 
Input 
Heat in aa heat of combustion...............045 38.60 80.96 
Sensible heat in wet fuel gas.............-0.05- 0.12 0.25 
Sensibleweatin! weviaineays ns set iense sree eras 5.28 11,10 
Mill-acale formation? tac sien ace ces nee alinn es 3.66 7.69 
i) Shp La oN ID on er ohne sche aa ace OR ae ee ar 47 .66 100.00 
Output 
Heatoutiwith billets,.cacc. <syeren ons a aes ote . 18.00 37.79 
Sensiplouneatiinitl Ucrw@as ane acai wri cncrlai seus cee 25.29 53.03 
Motalllosses(MeAsSUTE ieee) wei ete ele hi eesies 4.00 8.40 
Winaccounted) Lote cer cciemtsicusirus bane seis 9) eee ate nie 0.37 0.78 
Rota i ere re reo neces meiner 47.66 100.00 


Norsz: Data based on the lower heating value of fuel; 60 F for sensible- 
heat contents of gases; entering billet temperature for heat content of billets. 
Efficiency of furnace and air preheater based on lower heating value of 
the fuel (no allowance for mill-scale formation) = 46.6 per cent. 
, G Heat of combustion of mill scale at 2100 F = 2690 Btu per lb of iron 
urned. 


TABLE 6 INDIVIDUAL HEAT BALANCES ON THREE SECTIONS 
OF THE FURNACE? 


Section 3 
Section 1 Section 2 between 
between between station 
stations stations 3 and Total 
at land2 2and3 burners’ furnace 
Net heat given up by flue gas....... Hoes! 4,21 9.19 18.71 
Heat release due to mill-scale forma- 
LGM cents ctieteicktker sia eual ee sexed 0.66 1.00 2,00 3.66 
Net heat received due to radiant-heat 
interchange with adjoining sections 1.30 0.10 —1.40 0.00 
Net heat available for billets and 
Ween pa adn Co owc te omeo goon oo T.27 Dio od 9.79 22.37 
Net heat absorbed by billets........ 7.30 5.70 5.00 18.00 
WiOsses, WMCASUTE 2 voce wim nustenshars ys cisunie 0.43 0.64 2.93 4.00 
Unaccounted-for item in overall heat 
balance pro-rated according to 
Vayt Yo. generos o cate SO Ge reo OS C1 0.04 0.06 0.27 0.37 
Heat absorbed, billets + losses...... (sree 6.40 8.20 DE Hy 


@ All values given in 10° Btu per hr. 
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Fig. 5 Gas aAnp STEEL TEMPERATURES IN A BrtLeEtT-REHEATING 
FURNACE 


Average operation over the entire test period of 22 hours gave 
the following data: Efficiency of furnace and air preheater = 41.5 
per cent (based on lower heating value); exit flue-gas tempera- 
ture = 1990 F; heat to billets = 15,300,000 Btu per hr (a = 
0.85). There were no significant differences in the other data as 
compared to the steady period previously mentioned. The 
method of Table 2 gives pp’ = 0.162, pg = 0.163, and py’/pg = 
1.0 for aw = 0.85. 

In order to obtain data to be used in a comparison of the ob- 
served heat flow with that as predicted from the treatment out- 
lined in Equations [2], [3], and [4], measurements of gas and billet 
temperatures at two intermediate points (stations 2 and 3) were 
made during the same steady period previously mentioned. 
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The results are presented in Fig. 5 as “observed gas tempera- 
ture” and “observed billet temperature (upper surface).” 
The curves labeled “calculated billet temperature (lower sur- 
face)” and “calculated average billet temperature” were com- 
puted by a newly developed method based on unpublished data of 
the authors on the thermal diffusivity of steel. Sectional heat 
balances corresponding to conditions as represented in Fig. 5 
are presented in Table 6. Inasmuch as the gas temperatures 
measured at stations 2 and 3 were somewhat beyond the range in 
which thermocouples yield reliable results, it is felt that failures 
of the sectional heat balances to balance were largely caused by 
inaccuracies in the measurement of these temperatures. As a 


RECALCULATED SECTIONAL HEAT BALANCES 
Net heat given 


TABLE 7 


up by flue gas, Observed gas Calculated 

Section 106 Btu per hr Station temp, F gas temp, F 
ti 5.81 1 1950 1950 
2 5.30 2 2300 2340 
3 7.60 3 2580 2700 


TABLE 8 CALCULATED AND OBSERVED HEAT FLOW 


——————Calculated 
Gas Radiation 


Observed 


o(TFr4— emissivity,s from Convec- heat transfer 
Section T'c*)avg pF gasb tione Total from gas 
1 70000 0.194 4.55 1.25 5.80 5.81 
2 98100 0.139 4.40 0.72 5.12 5.30 
3 1287004 0.184 6.74 1.10 7.84 7.60 


Nore: The value of (Tr4— Tc‘) differs so little at the two ends of any 
section that almost any method of averaging becomes satisfactory and equal 
to the arithmetic average. 

@1In this case pF = pG because the flame is nonluminous. For the 
method of evaluating p@ refer to the appendix. 

+ Calculated from Equation [4]. 

¢ Includes convection to both steel and refractory. Convection coefficient 
is assumed constant and equal to 2.0. The temperature difference between 
the gas and the refractory is assumed to be 100 F less than the temperature 
difference between the gas and the steel. Large errors in these assumptions 
are unimportant. The convection item in section 3 includes the heat to a 
water-cooled chill-plate in the front furnace wall. 

@ Based on an assumed gas temperature of 2900 F at the hot end of the 
furnace. 


consequence, the change in billet temperature was accepted as 
being correct, and the necessary gas temperature to produce a 
heat balance in each section was determined. Results on the 
new basis are presented in Table 7 and Fig. 5, as “calculated 
gas temperature.” The differences between the calculated and 
observed gas temperatures are not at all unreasonable, and are 
in the expected direction. Consequently, in the comparison of 
the calculated with the observed heat flow, the recalculated 
heat balances were used. The results of such a comparison are 
presented in Table 8. 

An inspection of Table 8 indicates that nonluminous gas radia- 
tion accounts for approximately 80 per cent of the total heat 
transfer. A comparison between calculated and observed heat 
flow in this case may then be considered to constitute a test of the 
basic gas radiation charts. The agreement between calculated 
and observed heat flow is excellent in sections 1 and 2. In sec- 
tion 3, the agreement depends on the temperature of the flame 
near the burners, a quantity not measured nor calculable. The 
assumed value, 200 F lower than the theoretical flame tempera- 
ture, is entirely reasonable and leads to a calculated heat flow 
in good agreement with the measured value. The agreement in 
this section, however, may be taken as no more than a corrobora- 
tion of the guess as to the actual flame temperature. 

The method of treatment just considered could undoubtedly 
be used in predicting the performance of a reheating furnace by 
breaking it up into small sections, but the operation is laborious. 
The method, however, has a decided advantage over the use of 
Equation [10] in that it can be used with greater confidence on a 
furnace of unconyentional type, and it is not restricted to steel- 
reheating furnaces. 
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Appendix 
Meruops oF MEASUREMENT 


Flows. The fuel, a mixture of coke-oven and blast-furnace 
gases, was measured by two orifice-type recording meters. One 
of these was calibrated by a detailed pitot-tube traverse of the 
gas main; the other by the dilution method. The steel through- 
put was obtained both by counting each billet as it left the fur- 
nace and, as a check, from plant data. 

Gas Sampling and Analysis. Cumulative fuel-gas samples 
representing 2-hour periods were taken from the gas line at the 
burners and analyzed by standard methods of absorption .and 
combustion. 

Cumulative, half-hourly flue-gas samples were taken through a 
water-cooled iron sampling tube and analyzed by standard 
methods. In order to minimize the effect of air infiltration 
through the charging door, the sampling tube was inserted into 
the furnace at a point just upstream from the flue-gas outlet 
(station 1). Inasmuch as the furnace was enclosed in a steel 
shell and the doors were kept tightly closed, it is believed that air 
infiltration at other points was negligible. 

Temperatures. The preheated-air temperature was measured 
with a high-velocity chromel-alumel thermocouple installed in the 
air line at the burners. The flue-gas temperature was measured 
in a similar manner, the thermocouple being installed at the 
point of sampling. Both of these thermocouples were attached 
to a recording pyrometer. 

Exit billet temperatures were observed with an optical pyrome- 
ter just as the billets were discharged from the furnace. Read- 
ings were taken very rapidly on a surface freshly freed from scale. 

Gas temperatures at stations 2 and 3 were measured with high- 
velocity thermocouples. Because of the high temperatures en- 
countered, the life of these thermocouples was very short and 
consequently measurements were made only after the furnace had 
been operating steadily for some time. Preliminary studies of 
vertical and horizontal variations in gas temperature indicated 
the proper place to obtain a representative temperature. 

Measurements of the temperature of the upper surface of the 
billets were made with a thermocouple especially constructed for 
this purpose. Flattened chromel and alumel wires were ex- 
tended along the surface of a refractory brick for about 2 in. 
on either side of their junction and then brought up through the 
brick. The brick was then mounted on an iron pipe through 
which the wires were carried. In measuring a billet tempera- 
ture, the instrument was inserted through one of the side doors 
and the flattened thermocouple pressed against the billet sur- 
face and held there for a few moments. The thermocouple was 
then moved to an adjacent portion of the surface and again 
pressed against it. The final temperature was taken when adja- 
cent areas showed no change in reading. 


EVALUATION OF pg 


Radiation charts for carbon dioxide and water vapor are avail- 
able in recent literature (5). In these charts the emission of 
radiation is expressed as a function of the temperature and a 
product PL, where P is the partial pressure of the radiating con- 
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stituent in atmospheres, and Z is the mean length, in feet, of the 
radiant beams through the gas mass in question. The quantity 
L depends on both the size and the shape of the gas mass; for 
reheating furnaces it may be taken as equal to 1.6 times the mean 
free height above the billets. 

The evaluation of p¢ from these charts (5) is best illustrated by 
an example, the data for which is taken from the example given 
earlier in the paper under the heading ‘Design Caleulations.”’ 
Since the analysis of the flue gas gives 9 per cent CO: and 20 per 
cent HO, Pco: = 0.09 and Pu,o = 0.20. Also L = 2 X on 
32. The arithmetic average of theoretical flame temperature 
and stack-gas temperature = (3500 + 1750)/2 = 2625 F. The 
average billet temperature = (2200 + 80) /2 = 1140 F. 

From the charts (5), with PL = 0.09 X 3.2 = 0.288, the radia- 
tion from CO, at 2625 F = 11,800 Btu per sq ft per hr. 

From the charts (5), with PL = 0.20 X 3.2 = 0.64, the radia- 
tion from HO at 2625 F = 20,700 Btu per sq ft per hr. 

Radiation from a black body at 2625 F = 156,000 Btu per sq 
ft per hr. The absorption by the gas of back radiation from the 
surface is read from the same charts (5) at the temperature of the 
surface. When PL = 0.288, the absorption by CO, of radiation 
from a surface at 1140 F = 1200 Btu per sq ft per hr. The 
corresponding absorption by H:0, with PL = 0.64, = 2700 
Btu per sq ft per hr. Radiation from a black body at 1140 F = 
11,300 Btu per sq ft per hr. The correction factor for superim- 
posed radiation of CO. and H,O = 5.4 per cent. Since 
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(radiation from CO; + radiation from HO) — 


as (radiation by black body at temperature of gas) — 
(absorption by H,O + absorption by COz) 
(radiation by black body at temperature of surface) 
(1 — correction factor) 
11,800 + 20,700) — (1200 2700 
Po = ( + Peas + 2700) (1 __ 9.054) = 0.187 


156,000 — 11,300 
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Temperatures in an 


Internal-Combustion Engine 


By A. E. HERSHEY,! URBANA, ILL. 


The author summarizes the various methods used in 
determining gas temperatures in an internal-combustion 
engine, giving complete references to the various papers 
and reports published on the subject. The purpose of this 
discussion is to consider the various methods of determin- 
ing gas temperatures in an engine during the combustion 
and expansion periods and to evaluate critically results 
ef such determinations. 


Tue SIGNIFICANCE OF GAs TEMPERATURES IN AN ENGINE 


KNOWLEDGE of the instantaneous gas temperatures 

which exist in the cylinder of an internal-combustion 

engine is of importance in understanding the process of 
combustion occurring in the engine, in establishing more rational 
criteria of engine efficiency, and in supplying information relative 
to engine design. The determination of these temperatures 
presents no particular difficulty so long as attention is confined 
to those portions of the cycle during which no chemical reaction 
occurs. Thus, during charging, compression, and the later portion 
of expansion and exhaust, the temperatures may be calculated 
from the instantaneous pressures and volumes with satisfactory 
accuracy by means of the equation of state for an ideal gas. Such 
calculations do involve the measurement of either the gas com- 
position or the temperature at one particular point; but, since 
this point may be selected at random, one may be chosen at 
which the temperature is relatively low and changing at a moder- 
ate rate. Under these conditions the measurement of tempera- 
ture by means of a resistance thermometer or thermocouple is 
reasonably satisfactory. However, during those portions of the 
cycle where chemical reactions occur, the gaseous composition 
and the temperature are both changing, and to determine the 
state of the working medium at all points it is necessary to meas- 
ure instantaneous values of temperature or composition, or else 
to supplement the equation of state with chemical equilibrium 
equations. 

The temperatures for those portions of the cycle where no 
chemical change occurs differ in another important respect from 
the values found during the portion of the cycle where combustion 
occurs. In the first ease, the changes take place slowly enough 
and in such a manner that practically the entire gaseous mass 
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* remains in thermal equilibrium. 


Certainly there is no ambiguity 
as to the meaning of temperature, and temperature gradients are 
negligible. Conversely, during the intense chemical activity 
of combustion, changes are occurring so rapidly that insufficient 
time is available for the attainment of complete thermal equilib- 
rium, and in fact under these conditions the usual conception 
of temperature is entirely inadequate. The purpose of this dis- 
cussion is to consider the various methods of determining gas 
temperatures in an engine during the combustion and expansion 
periods and to evaluate critically the results of such determina- 
tions. 


Meruops oF TEMPERATURE DETERMINATION 


Three general methods of temperature determination are avail- 
able for use during the combustion and expansion portions of the 
cycle. These are: (1) The temperatures may be calculated from 
thermochemical data, using the energy equation with suitable 
corrections for dissociation and heat loss; (2) if instantaneous 
values for the pressure, volume, and gas composition can be meas- 
ured, then corresponding temperatures may be calculated from 
the equation of state; (3) the temperature may be measured 
directly. 

The first method has been used extensively in calculating tem- 
peratures in stationary flames and during combustion in closed 
vessels, as well as for combustion in an engine. For details of 
the method and the resulting temperatures in the case of the 
latter, reference may be had to any one of a number of publica- 
tions (1, 2, 3, 4, 5).2. It should be noted, however, that certain 
simplifying assumptions must be made with regard to the con- 
ditions existing in the engine; and that these assumptions, to- 
gether with the inaccuracy of the thermochemical data, affect 
the final results. 

The second method has been used in the determination of 
temperatures in a stationary flame (6), but apparently no at- 
tempt has been made to apply it to the measurement of tem- 
peratures in an engine. The composition of the gaseous mixture 
in an engine has been measured at intervals during combustion 
by means of a sampling valve (7, 8). However, the object of 
these investigations was to study the progress of the reaction zone 
as indicated by the decrease in the amount of O, present and hence 
no attempt was made to obtain results which could be used for 
temperature calculations. The determination of the composition 
of the gases in this manner presents some experimental diffi- 
culties and there is also some question as to the validity of the 
results thus obtained, but the calculation of temperature from 
such results is a simple matter. 

The direct measurement of the temperature is certainly the 
simplest method and would be the most satisfactory were it not 
for the experimental difficulties which are encountered. The 
first of these difficulties is to devise a temperature-measuring 
element which can follow the rapidly changing temperatures with- 
out excessive lag and at the same time withstand the high tem- 
perature and shock of combustion. In this respect all attempts 
to use thermocouples or resistance thermometers have been un- 
successful in measuring the temperatures during and immediately 


2 Numbers in parentheses refer to Bibliography at the end of the 
paper. 
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following combustion. Temperatures during these portions of 
the ecyele have usually been obtained by calculation from tem- 
peratures measured during compression or expansion, when the 
rate of temperature change was sufficiently small to avoid undue 
error because of the lag of the measuring element. Such a pro- 
cedure is, strictly, not direct measurement of temperature and 
actually involves most of the assumptions which are necessary 
for calculations from thermochemical data. However, it is 
desirable to consider briefly some of the investigations in which 
thermocouples or resistance thermometers were used. 

One of the earliest attempts at the direct measurement of 
gas temperatures in an engine is that of Burstall (9) who used 
small resistance thermometers of platinum wire 0.002 to 0.003 
in. in diameter. The resistance of the thermometer was measured 
in the usual way by means of a Wheatstone bridge, the galvanome- 
ter circuit being closed once each cycle by a mercury switch 
operated from the camshaft of the engine. The measurements 
were made on a gas engine operating at 120 rpm; but even at 
this low speed, it was necessary to reduce the load so that only 
12 to 14 charges were fired a minute, in order to prevent failure 
of the thermometer before a test was completed. Callender and 
Dalby (10) sought to avoid this difficulty of the rapid deteriora- 
tion or destruction of the thermometer by enclosing theirs inside 
the hollow stem of a small valve which passed through the stem 
and head of the engine inlet valve. Slots in the side of the 
thermometer valve stem allowed the gases to come in contact 
with the thermometer wire when the valve was open, but keep- 
ing the valve closed during combustion shielded the wire from 
high temperature and shock. With this arrangement they were 
able to reduce the diameter of the thermometer wire to 0.001 in. 
The lag of the thermometer was estimated by comparing the 
measured temperatures with those calculated from pressures and 
volumes found from indicator cards taken while the engine was 
motored at 100 rpm. These results indicated that as long as the 
thermometer valve was at approximately the same temperature 
as the gases, the measured and calculated temperatures agreed 
within a few degrees; but, at the end of compression, the meas- 
ured values were too low by about 35 F. From temperature 
measurements made during compression, the maximum combus- 
tion temperatures were calculated, using pressures and volumes 
obtained from indicator cards. The results obtained by Hop- 
kinson (11), with a resistance thermometer, are of interest chiefly 
because he attempted to correct for the lag of the thermometer 
in following the changing temperature of the gases in an engine. 
This was done by taking two series of measurements, the first 
with the thermometer heated only by the gases and the second 
with it maintained at higher temperatures by means of a constant 
heating current of 0.75amp. From these results it was concluded 
that the measured temperatures were lower than the true gas 
temperatures by only 18 F at the beginning of compression, but 
at the end of compression this difference had increased to 180 F. 
However, these measurements were all made with the engine not 
firing, but being motored at 180 rpm, and no attempt was made 
to estimate combustion or expansion temperatures. 


In connection with an investigation to determine the surface 
temperatures in different parts of the combustion chamber, 
Coker and Scoble (12) also measured the temperature of the 
gases in the chamber by means of thermocouples 0.0005 to 
0.0008 in. in thickness made from platinum rhodium and plati- 
num iridium. The electromotive force of the thermocouple 
was measured with a potentiometer, the circuit of which was 
closed onee during each engine cycle. The maximum combustion 
temperatures were not measured directly, but were calculated 


* from pressures and volumes found from indicator cards and 


temperature measurements near the end of expansion. An 
attempt was made to determine the temperature gradients in 
the gases by measuring the temperature in the center and close 
to the wall of the combustion chamber. A heavy thermocouple 
protected by a fire-clay tube was used for these measurements, 
so that they were of no particular significance because of exces- 
sive lag. 

David and Davies (13) have made continuous measurements of 
the gas temperature during combustion and expansion. Their 
resistance thermometer was a platinum wire 0.001 in. in diameter 
mounted on heavy terminals which supported it in the center of 
the combustion chamber. Temperatures were recorded on a 
moving film by means of a string galvanometer having a period 
of 0.02 sec. The lag, determined by comparing measured and 
calculated temperatures, was found to be small for rising tem- 
peratures but excessive for falling temperatures, amounting to 
as much as 900 F during expansion. This would indicate that 
heat conduction from the heavy terminals affected the results 
to a considerable extent. 

In Table 1 the maximum combustion temperatures found by 
various investigators have been collected, the method of measure- 
ment used and some indication of the engine operating conditions 
being also included in the table. These results indicate that 
resistance thermometers and thermocouples are unsatisfactory 
for the direct measurement of temperatures during combustion 
and expansion in an engine, even at speeds as low as 200 rpm. 


UNIversITy oF ILLINOIS EXPERIMENTS 


Preliminary to further investigation, a consideration of the 
various methods which have been used in measuring the tempera- 
ture of stationary flames (14), indicated that the ones which 
might be applicable to the measurement of gas temperatures in 
an engine were the following: (1) Determination of tempera- 
tures from conductivity measurements of the ionization of a 
metallic vapor in the flame, (2) the calculation of temperatures 
from radiation emission and absorption measurements, and 
(3) the measurement of temperatures by spectral-line reversal. 
Of these, the last two were selected as being the more suitable, 
and a series of temperature determinations was made with each. 

(a) Radiation Measurements. Temperatures of a stationary 
flame calculated from radiation measurements were first reported 
by Schmidt (15). He obtained the emission and absorption 
spectra of a Bunsen flame in the region between 1.2 and 5.8, 
using an infrared spectrometer with a radiomicrometer. For 


TABLE 1 SUMMARY OF MEASUREMENTS OF MAXIMUM COMBUSTION TEMPERATURES IN ENGINES OPERATING ON GAS AND 
LIQUID FUEL 
Measuring _ Method used to Operating Temperature 
Observer element determine maximum temperature conditions deg F abs 
Burstall Resistance thermometer Direct measurement Gas engine at 120 rpm 2740 
Callender and Dalby Resistance thermometer Calculated from temperature measured during compres- 
> sion Gas engine at 130 rpm 5000 
Coker and Scoble Thermocouple Calculated from temperature during expansion Gas engine at 240 rpm 4550 
David and Davies Resistance thermometer Direct measurement Gas engine at 230 rpm 3730 
Hershey Gases in engine Calculated from radiation measurements Gasoline engine at 1200 rpm 65100 
Hershey and Paton Sodium atoms Direct measurement Gasoline engine at 1200 rpm 4450 
Watts and Lloyd-Evans Sodium atoms Direct measurement Gasoline engine at 1000 rpm 4435 
Rassweiler and Withrow Sodium atoms Direct measurement Gasoline engine at 800 rpm 
F P 7 non-knockin, 48 
Rassweiler and Withrow Sodium atoms Direct measurement ae en 800 rpm mS 
(knocking) 5050 
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the bands at 2.7 and 4.4u he found that Kirchhoff’s law held 
quantitatively as well as qualitatively. Therefore, he was able 
to calculate the flame temperature from the emissive power and 
absorption measured at these two wave lengths using Planck’s 
equation. As the result of these calculations he found a tem- 
perature of 3495 F abs, which is in fair agreement with the value 
3445 F abs which he obtained by means of an optical pyrometer 
and an electrically heated wire for the same flame. 

The determination of the temperature of the gases inside an 
engine cylinder from radiation measurements necessitates some 
modification of the method just described. Windows in the 
wall of the combustion chamber allow radiation from within 
to reach the measuring apparatus and if these windows are of 
quartz* the wave-length region is restricted to that between 
0.3u and 4.0u. Measurements at a definite point in the cycle 
are obtained by means of a stroboscopic shutter which uncovers 
the window in tbe cylinder for a short interval at the same 
point in successive cycles. The energy to be measured is re- 
duced in proportion to the decrease in shutter opening and, with 
an opening equivalent to a few degrees of crank travel, becomes 
so small that only total radiation measurements have significance. 
Temperatures must, therefore, be calculated from the Stefan- 
Boltzmann equation instead of Planck’s equation. 

Using this method, temperatures have been calculated from 
radiation measurements made on a small single-cylinder engine 
operating with a compression ratio of 3.86 to 1 and with air-fuel 
ratios from 10 to 1 to 17.5 to 1 (17). Fig. 1 is a diagram of the 
engine and radiation-measuring apparatus. Quartz windows 
were placed in the cylinder wall on opposite sides so that radia- 
tion from a ribbon-filament lamp could pass through the gases 
in the cylinder to the radiation receiver. ‘This receiver was 4 
Coblentz linear thermopile and a stroboscopic shutter was ar- 
ranged to expose it to radiation from the engine cylinder for about 
3 deg of crank travel out of each cycle. A sliding sbutter between 
the lamp and cylinder permitted the measurement of the radia- 
tion from the gases alone, or of the radiation from the lamp and 
gases together. By motoring the engine with the ignition cut 
off the lamp radiation alone was measured. From these measure- 
ments the instantaneous values of the emissive power and absorp- 
tion of the gases in the engine cylinder could be determined. The 
thermopile was calibrated as a radiation pyrometer, using a large 
tungsten ribbon-filament lamp which had been calibrated at the 
Nela Park Laboratory of the General Electric Company, and 
correcting for the imperfections of tungsten as a radiator and 
for the absorption of the quartz windows and lens of the optical 


3 Marvin, Caldwell, and Steele (16) have measured total radiation, 
and by means of filters estimated the spectral distribution, using a 
fluorite window in the top of the cylinder. No absorption measure- 
ments were made, hence temperatures cannot be determined from 
their results. 
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system. With this calibration, the radiation temperature of the 
gases could be found from a measurement of their emissive power, 
and the true temperature calculated from the radiation tem- 
perature and the absorption measurement. The curves in Fig. 2 
are typical of those found by this procedure, being plotted from 
results for an air-fuel ratio of 14.1 to 1. In Fig. 3 the maximum 
temperatures during combustion are shown plotted against the 
corresponding air-fuel ratios and, for the purpose of comparison, 
in this same figure the calculated temperatures found by Good- 
enough and Baker (3) are also plotted. The agreement between 
their results and the temperatures calculated from radiation 
measurements is not very satisfactory except for a narrow range 
of air-fuel ratios near 13 to 1. The highest temperature found 
from radiation measurements was 5088 F abs for an air-fuel ratio 
of 12.44 to 1. This value is only 130 F above the temperature 
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found by Goodenough and Baker for the same air-fuel ratio. 
However, for ratios less than 12 to 1 or greater than 14 to 1, 
the measured temperatures decrease much more than their cal- 
culated temperatures until at the two combustion limits, the 
former are more than 1000 F lower than the latter. 

(b) Spectral-Line-Reversal Measurements. The spectral-line- 
reversal method of temperature measurement was first used by 
Kurlbaum (18) in determining the temperature of a stationary 
flame. Since this work was reported, numerous other investi- 
gators have used the method, and its limitations and precision 
have been established by such investigations as those of Kohn 
(19) and Griffiths and Awbery (20). Briefly, the method con- 
sists of heating a suitable metallic vapor in the flame and com- 
paring the intensity of its radiation with that of the pure tem- 
perature radiation from some such source as a heated solid 
radiator. The continuous radiation from this source is passed 
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applications no essential modifications of the line-reversal method 
are necessary. Windows on opposite sides of the combustion 
chamber must be provided to allow the continuous radiation 
from the solid radiator to pass through the gases in the cylinder 
and the metallic atoms in the form of a salt must be mixed with 
either the fuel or air supplied. A stroboscopic shutter must be 
arranged to permit comparison during short intervals in succes- 
sive cycles in order to determine the instantaneous temperature 
values. 

The engine used for the radiation measurements (17) was 
readily adapted for line-reversal measurements since it already 
had windows on opposite sides of the combustion chamber and 
was equipped with a stroboscopic shutter. Sodium vapor was 
used and a solution of NaOH was aspirated into the inlet mani- 
fold. Fig. 4 is a diagram of the optical system which was prac- 
tically the same as that used for the radiation measurements, the 
spectroscope merely replacing the thermopile. Since it was 
inconvenient to measure the brightness temperature of the lamp 
radiation when line reversal had been obtained, the lamp current 
was measured instead, and a calibration curve of the brightness 
temperature for different currents was found at the end of each 
test. In doing this, all parts of the optical system through which 
the radiation from the sodium had to pass were removed and the 
brightness temperature of the lamp radiation inside the engine 
cylinder was measured. The detailed results of the investiga- 
tion using this apparatus and procedure have been reported (21) 
so that it is only necessary to summarize them for the purpose of 
comparison with the results from the radiation measurements. 
The curves in Fig. 5 show some typical results for air-fuel ratios 
from 9.46 to 1, to 20.32 to 1. In Fig. 3 the maximum tempera- 
tures found during combustion have been plotted against the 
corresponding air-fuel ratios. The general shape of the curve 
representing these results is the same as the curve for the cal- 
culated values of Goodenough and Baker, but lies from 600 to 
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through the flame and then focused on the slit of a spectroscope 
along with the radiation from the metallic vapor. When super- 
imposed upon the continuous spectrum of the solid radiator, the 
line spectrum of the vapor appears either bright or dark, depend- 
ing upon the relative intensities of the spectra. The line spectrum 
may be made to disappear completely by varying the temperature 
of the solid radiator and hence the intensity of its continuous 
spectrum. The temperature of the vapor is then the same as the 
brightness temperature of the solid radiator for the wave length 
at which the comparison is made, and this temperature can be 
measured directly by means of an optical pyrometer. 

Results obtained by applying the line-reversal method to 
the measurement of gas temperatures in an engine have been 
reported recently by several investigators (21, 22, 23). In such 


1000 F below their curve. The highest temperature measured 
was 4500 F abs with an air-fuel ratio of 14.18 to 1. 


Comparison or Metruops AND RESULTS 


The first difficulty encountered in any discussion of the tem- 
perature of gases during combustion is the very fundamental 
one of defining temperature under such conditions. The tempera- 
ture of a stationary flame as defined by Thorpe (24) is under- 
stood generally to be the “temperature of a thermometric instru- 
ment wholly immersed in the region of combustion.”’ But this 
assumes that the presence of the thermometric instrument 
does not change conditions existing in the flame, or that correc- 
tions can be made for any unavoidable changes. When resist- 
ance thermometers or thermocouples are used, it is necessary, 
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therefore, to heat them electrically to compensate for the cooling 
of the flame due to heat conduction; or else to use wire of dif- 
ferent sizes and, by plotting the observations with several wires 


. against the corresponding wire size, extrapolate to determine the 


result with an infinitely small wire. Kohn (19) has shown from 
her measurements of stationary-flame temperature with elec- 
trically heated wires and by spectral-line reversal, that even when 
the wire is heated sufficiently to compensate for heat loss, con- 
ditions in the flame are distorted due to the wire disturbing the 
flow of the gases. Because of this difficulty in correcting for the 
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effect of the measuring element, as well as because of the greater 
inconvenience, the use of thermocouples and resistance ther- 
mometers basbeen superseded by the spectral-line-reversal method 
in nearly all recent investigations of stationary-flame temperature. 

All of the foregoing considerations apply with equal force to 
the measurement of gas temperatures in an engine during combus- 
tion and expansion. In addition, there is another complication 
caused by the lag of the measuring element in following the rapid 
temperature changes; and finally, the temperatures which exist 
throughout the combustion chamber must be inferred from meas- 
urements which are characteristic of only a limited region near 
the element. Collectively, these difficulties make it impossible 
to use thermocouples or resistance thermometers in measuring 
gas temperatures in an engine, operating at any speed much 
greater than 200 rpm. 

Under such conditions as these, the radiation method of 
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temperature measurement possesses several distinct advantages. 
The measuring element is the gas itself, and thus, errors due to 
the lag of the element and to its distortion of the surrounding 
conditions are avoided. The measurements are characteristic 
of a relatively large region and may be correctly regarded as 
average or effective values. However, the calculation of tem- 
peratures from ‘radiation measurements involves an assumption 
of questionable validity, namely, that the radiation is the result 
of purely thermal excitation and that luminescence has no effect. 
While the results Schmidt obtained (15) indicate that this con- 
dition may be reasonably well satisfied in the case of the bands 
at 2.7, and 4.4 emitted by a Bunsen flame; however, for other 
portions of the spectral region it is not even approximately 
true and, therefore, the calculation of temperatures from total 
radiation measurements in the region between 0.3y and 4.0u is a 
questionable procedure. By means of spectroscopic investiga- 
tions, Withrow and Rassweiler (25, 26) have established the 
similarity between the radiation emitted by the gases in the inner 
cone of a Bunsen flame and that emitted by the flame front in an 
engine. They have also established a like similarity between 
the emission from the gases in the outer cone of the flame and 
that from the afterglow in the engine gases. These conclusions 
are based on a comparison of the visible and ultraviolet regions 
of the spectrum, but they nevertheless indicate quite definitely 
that these same molecules are the radiators in both the flame and 
engine gases. If this similarity also exists in the infrared 
emission from the two sources, then with the quartz-optical sys- 
tem used for the engine radiation-temperature measurements, 
the principal source of radiant energy must have been the H,O 
and CO, bands at 2.7y. 

This would appear to furnish a reasonable explanation of the 
results for the radiation-temperature measurements shown in 
Fig. 3. For Buchwald (27) has determined the temperature of 
a Bunsen flame from radiation measurements at 2.74 and 4.35y, 
using as many as 32 burners in an attempt to obtain saturated 
radiation at these two regions. The attempt was successful in 
the case of the region of 4.35, for the emission from 32 burners 
was no greater than that from 24. However, for the region of 
2.7u this was not the case, and calculations from absorption meas- 
urements indicated that some 150 burners would have been neces- 
sary to give saturated radiation. The temperature which 
Buchwald found from radiation measurements at the shorter 
wave length was approximately 160 F below that found from 
measurements in the other region. Low values for the tempera- 
tures of the gases in the engine would, therefore, be anticipated, 
since these were calculated from measurements of radiation which 
apparently consisted almost exclusively of that in the region of 
2.7u. An inspection of the curve in Fig. 4 shows this to be the 
case with rich and lean air-fuel ratios. The very high tempera- 
tures found for air-fuel ratios between 12 to 1 and 15 to 1 may 
be the result of luminescence, for Withrow and Rassweiler (25) 
have found evidence of continuous radiation in the visible region 
which apparently was not caused by thermal excitation. Since 
the flame velocity is a maximum for air-fuel ratios near the theo- 
retical, the chemical activity and hence luminescence should 
also be greatest for these same ratios. Thus, it may be that 
luminescence effects, which are negligible with rich and lean 
mixtures, become more pronounced as the chemical activity 
increases resulting in radiation temperatures near the theoretical 
air-fuel ratio which are too high. 

The conclusion is obvious that the radiation method of tempera- 
ture measurement is unsuitable unless monochromatic measure- 
ments of the emissive power and absorption can be made. The 
line-reversal method makes just such measurements possible, 
because the object of introducing the metallic vapor into the flame 
is to make it an intense emitter and absorber of monochromatic 
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radiation in the visible region of the spectrum. The small size 
and dispersion of the measuring elements are other inherent 
advantages of the method. Its application, however, depends 
upon several assumptions. These assumptions are that the 
radiating atoms are in thermal equilibrium with the gases of the 
flame, that their excitation is purely thermal, and that introduc- 
ing the atoms into the flame does not change conditions in the 
flame. The validity of these assumptions has been tested by 
investigations such as those of Kohn (19), Griffiths and Awbery 
(20), and Loomis and Perrott (14). They have determined the 
temperature of stationary flames by means of the line-reversal 
method and, at the same time, by means of optical-pyrometer 
measurements of the temperature of a platinum wire placed in 
the flame and heated electrically to prevent convection loss 
from the gases of the flame. The results obtained by these 
two methods have been found to be in satisfactory agreement, 
those reported by Griffiths and Awbery differing by only 5 to 
11 deg F. 

In spite of this evidence of the reliability and precision of the 
line-reversal method of temperature measurement, it has been 
recently criticized by David (29) and also by Minkowski, Miiller, 
and Weber-Schifer (30). David, on the basis of his measure- 
ments of the gas temperatures during combustion in a closed ves- 
sel, concludes that temperatures obtained by the line-reversal 
method are too high because of excitation due to luminescence. 
For his own measurements he used an unheated platinum ther- 
mometer, and assumed that the cooling of the gases due to heat 
transfer would be negligible and partly compensated for by the in- 
creased chemical activity due to the catalytic effect of the 
platinum. The temperatures from line-reversal measurements 
with which he compares his results are those found by other in- 
vestigators working with stationary flames. Kohn (19) has 
already shown that the presence of even a heated wire 0.017 in. 
in diameter may lower the temperature of a flame by as much as 
90 F, consequently measurements made with an unheated wire 
would probably result in larger errors. Furthermore, as Lewis 
and yon Elbe (31) have pointed out, the factors affecting com- 
bustion temperatures are so numerous and difficult to control 
that the only results which can be used for the comparison of 
different methods of measurement are those which have been 
obtained simultaneously with the same flame. All such results 
show good agreement between line-reversal measurements and 
those made with heated wires. 

In an investigation to determine the transition probability 
for the D-line of sodium, Minkowski and his associates measured 
the concentration of free sodium atoms in a flame and at the 
same time found the reversal temperature of the flame. They 
assumed that regardless of the sodium salt introduced into the 
flame it was dissociated in the inner cone to form NaOH, which 
in turn was dissociated in the outer cone giving free sodium atoms. 
From their measurements of the concentration of these atoms, 
dissociation constants were calculated which showed no definite 
temperature relation when plotted against the corresponding 
reversal temperatures. On the basis of these results, they con- 
cluded that the dissociation of NaOH did not reach equilibrium 
in the outer cone of the flame and that reversal temperatures 
would accordingly be lower than the true flame temperatures. 
They attribute the agreement between flame temperatures 
found by line-reversal measurements and by measurements 
with a heated wire, to the catalytic effect of the wire causing 
more complete equilibrium in the dissociation of NaOH. How- 
ever, in the determination of temperature by the line-reversal 
method, it is assumed that the free sodium atoms are in thermal 
equilibrium with the gases of the flame, and it has been shown that 
as long as a sufficient number of these atoms are present to give 
a definite reversal of the spectral line, the results are independent 
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of the concentration of the atoms (19). Thus, the objections to 
the reversal method of temperature measurement do not appear 
to be as serious as those which may be raised regarding other 
methods of flame temperature determination; and for the meas- 
urement of the temperature of the gases in an engine, it is the 
only reasonably satisfactory method which has been devised. 


CoMPARISON OF MEASURED AND CALCULATED TEMPERATURES 


The results from various investigations collected in Table 1 
clearly indicate that combustion temperatures obtained by direct 
measurement with resistance thermometers or thermocouples 
are far below the calculated temperatures of Goodenough and 
Baker (3) shown in Fig. 3. Combustion temperatures calculated 
from temperatures measured during compression or expansion are 
in good agreement with the other calculated temperatures; but 
this is to be expected, since in each case similar assumptions were 
made and about the same thermochemical data were used. 

Although the temperatures calculated from radiation measure- 
ments agree very well with the calculated temperatures for a 
narrow range of air-fuel ratios, the agreement otherwise is so 
poor that the radiation method cannot be considered as giving 
reliable results. Since the source of error appears to be inherent 
in the method, it was discarded in favor of the more convenient 
line-reversal method, without attempting to correct or modify 
the results. 

The line-reversal temperatures have been found to be lower 
than the calculated temperatures by some 700 F over most of 
the range of air-fuel ratios; however, there are a number of 
factors, which together, may account for this difference. In 
calculating their temperatures Goodenough and Baker used 
thermal data which at the time was considered the most 
reliable, but more recent values determined from spectroscopic 
data give lower calculated temperatures (29). Furthermore, 
they assumed that combustion occurred adiabatically and at 
constant volume, and since neither of these conditions is exactly 
satisfied in the engine, the observed temperatures would accord- 
ingly be reduced. Finally, temperature gradients in the gases 
would affect the reversal temperatures in a similar manner. 

In the most recent determination of gas temperatures in an 
engine, Rassweiler and Withrow (23) have shown that large 
temperature gradients exist in the combustion chamber, not only 
during inflammation, but also during the entire expansion stroke. 
Their apparatus was arranged so that the flame advance was 
perpendicular to the axis of the optical system and temperatures 
were measured across three different sections of the combustion 
chamber. At the end of normal combustion the temperature 
difference between the gases at the extreme ends of the chamber 
was found to be about 400 F, corresponding to a temperature 
gradient of 100 F perin. The existence of temperature gradients 
perpendicular to the direction of flame movement was also 
shown by the appearance of self-reversal of the spectral line. 
However, this only occurred when an excess of sodium was 
present in the gases, indicating that the cold layer of gas next to 
the wall of the combustion chamber was relatively thin. 

In the earlier reversal measurements (21) the flame advanced 
in the direction of the axis of the optical system, and radiation 
from the sodium atoms in that portion of the gases which was 
burned first, passed through the region subsequently burned. 
That is, radiation from a region of high temperature passed 
through a region at a lower temperature. While the temperature 
difference between these two regions probably was not as great 
as that found by Rassweiler and Withrow, since they used an 
engine with a long flat combustion chamber, nevertheless, the 
results would be affected by this variation of temperature. 
Griffiths and Awbery (20) have made reversal measurements 
with two flames of different temperatures placed one behind the 
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other. The reversal temperature which they found with such 
an arrangement was a value lying between the temperatures 
found with each flame separately. When the lower temperature 
flame was next to the spectroscope the observed temperature 
approximated the arithmetical average of the wo separate tem- 
peratures, but when the order of the flames was reversed the 
observed temperature was higher than the average. The con- 
ditions under which the reversal measurements were made in 
the engine would, therefore, correspond to that in which the 
lower temperature flame was next to the spectroscope and the 
observed temperatures should approximate the average of the 
temperatures at the two sides of the combustion chamber. Thus, 
the reversal temperatures plotted in Fig. 3 would appear to be 
some 100 F to 150 F below the actual temperatures. Such a 
correction, together with one for heat loss during combustion, 
should bring the observed temperatures into reasonable agreement 
with temperatures calculated on the basis of currently accepted 
thermal data. 


ACKNOWLEDGMENTS 


The measurement of gas temperatures in an engine by means 
of the radiation and spectral-line-reversal methods is a continua- 
tion of the study of combustion phenomena carried on at the 
Engineering Experiment Station of the University of Illinois over 
a period of years. The interest and assistance of Prof. A. P. 
Kratz, under whose supervision all of the work was done, and 
the cooperation and active participation of Prof. R. F. Paton in 
carrying out the reversal measurements are gratefully acknowl- 
edged. 


BIBLIOGRAPHY 


1 “The Character of Various Fuels for Internal Combustion 
Engines,” by H. T. Tizard and D. R. Pye, The Automobile Engineer, 
vol. 11, 1921, pp. 55-59, 98-101, and 134-137. Also, ‘‘The Character 
of Various Fuels for Internal-Combustion Engines,’’ by H. T. Tizard 
and D. R. Pye, Report of the Empire Motor Fuels Committee, 
Proceedings of the Institution of Automotive Engineers, vol. 18, 
part 1, 1923, pp. 1-47. 

2 ‘“‘An Investigation of the Maximum Temperatures and Pres- 
sures Attainable in the Combustion of Gaseous and Liquid Fuels,” 
by G. A. Goodenough and G. T. Felbeck, Engineering Experiment 
Station, Bulletin No. 139, March, 1934, University of Illinois, Ur- 
bana, II. 

3 ‘“‘A Thermodynamic Analysis of Internal-Combustion Engine 
Cycles,” by G. A. Goodenough and J. B. Baker, Engineering Ex- 
periment Station, Bulletin No. 160, January, 1927, University of 
Illinois, Urbana, IIl. 

4 “Ideal Gas-Engine Cycles,’”’ by R. C. H. Heck, Mechanical 


Engineering, vol. 49, 1927, pp. 771-784. 


5 “Efficiencies of Otto and Diesel Engines,” by F. O. Ellenwood, 
F. C. Evans, and C. T. Chwang, Trans. A.S.M.E., vol. 49-50, 
1927-1928, paper OGP-50-5, pp. 1-22. 

6 ‘‘Die Zusammensetzung der Gase in sehr heissen Flammen,” 
by F. Haber and H. J. Hodsman, Zeitschrift fiir Physikalische Chemie, 
vol. 67, 1909, pp. 343-384. 

7 “Following Combustion in the Gasoline Engine by Chemical 
Means,” by L. W. Withrow, W. G. Lovell, and T. A. Boyd, Industrial 
and Engineering Chemistry, vol. 22, 1930, pp. 945-957. 

8 “The N.A.C.A. Combustion Chamber Gas Sampling Valve 
and Some Preliminary Test Results,’ by J. A. Spanogle and E. C. 
Buckley, Technical Note No. 454, National Advisory Committee 
for Aeronautics, March, 1933. 

9 “Second Report to the Gas-Engine Research Committee,’ by 


PRO-58-2 201 


F. W. Burstall, Proceedings of the Institution of Mechanical Engi- 
neers, parts 3-5, 1901, pp. 1031-1154. 

10 ‘On the Measurement of Temperatures in the Cylinder of a 
Gas Engine,” by H. L. Callender and W. E. Dalby, Proceedings of 
the Royal Society of London, vol. 80, series A, 1907-1908, pp. 57-74. 

11 ‘On the Measurement of Gas-Engine Temperatures,” by B. 
Hopkinson, Philosophical Magazine, vol. 13, series 6, 1907, pp. 84-95. 

12 ‘‘Cyclical Changes of Temperature in a Gas-Engine Cylinder,” 
by E. G. Coker and W. A. Scoble, Proceedings of the Institution 
of Civil Engineers, vol. 196, part 2, 1913-1914, pp. 1-74. 

13 ‘‘Temperature Measurements in Gaseous Combustion,” by 
W. R. David and W. Davies, Philosophical Magazine, vol. 9, series 7, 
1930, pp. 402-414. 

14 ‘‘Measurement of the Temperatures of Stationary Flames,” 
by A. G. Loomis and G. St. J. Perrott, Industrial and Engineering 
Chemistry, vol. 20, 1928, pp. 1004-1008. 

15 “Priifung der Strahlungsgesetze der Bunsenflamme,” by H. 
Schmidt, Annalen der Physik, vol. 29, 1909, pp. 971-1028. 

16 “Infrared Radiation From Explosions in Spark-Ignition En- 
gines,” by C. F. Marvin, F. R. Caldwell, and 8. Steele, Report No. 
486, National Advisory Committee for Aeronautics, 1934, pp. 222- 
234. 

17 ‘Flame Radiation and Temperature Measurement in an In- 
ternal-Combustion Engine,’ by A. E. Hershey, Industrial and 
Engineering Chemistry, vol. 24, 1932, pp. 867-870. 

18 “Uber eine einfache Methode die Temperatur leuchtender 
Flammen zu bestimmen,”’ by F. Kurlbaum, Physikalische Zeit- 
schrift, vol. 3, 1901-1902, p. 187. 

19 “Uber das Wesen der Emission der in Flammen leuchtenden 
Metalldimpfe,’’ by H. Kohn, Annalen der Physik, vol. 44, 1914, pp. 
749-782. 

20 ‘“‘The Measurement of Flame Temperatures,’ by E. Griffiths 
and J. H. Awbery, Proceedings of the Royal Society of London, vol. 
123, series A, 1929, pp. 401-421. 

21 “Flame Temperatures in an Internal-Combustion Engine, 
Measured by Spectral Line Reversal,’ by A. E. Hershey and R. F. 
Paton, Engineering Experiment Station, Bulletin No. 262, October, 
1933, University of Illinois, Urbana, Il. 

22 “The Measurement of Flame Temperatures in a Petrol Engine, 
by the Spectral-Line-Reversal Method,” by S. S. Watts and B. J. 
Lloyd-Evans, Proceedings of the Physical Society, vol. 46, 1934, pp. 
444-449, 

23 ‘Flame Temperatures Vary With Knock and Combustion- 
Chamber Position,” by G. M. Rassweiler and L. Withrow, Journal of 
the Society of Automotive Engineers, vol. 36, 1935, p. 125. 

24 “‘A Dictionary of Applied Chemistry,’’ by Sir Edward Thorpe, 
Longmans, Green and Company, London, Eng., vol. 3, 1922, p. 
210. 

25 ‘Spectroscopic Studies of Engine Combustion,” by L. Withrow 
and G. M. Rassweiler, Industrial and Engineering Chemistry, vol. 23, 
1931, pp. 769-776. 

26 ‘“‘Emission Spectra of Engine Flames,”’ by G. M. Rassweiler 
and L. Withrow, Industrial and Engineering Chemistry, vol. 24, 1932, 
pp. 528-538. 

27 “Untersuchungen von Flammenspektren mit dem Vakuumbo- 
lometer,’’ by E. Buchwald, Annalen der Physik, vol. 33, 1910, pp. 
928-950. 

28 ‘‘Flame Temperatures of Hydrocarbon Gases,”’ by G. W. Jones, 
B. Lewis, J. B. Friauf, and G. St. J. Perrott, Journal of the American 
Chemical Society, vol. 53, January—April, 1931, pp. 869-883. 

29 “Temperature and Latent Energy in Flame Gases,” by W. T. 
David, The Engineer, vol. 157, 1934, p. 558. 

30 “Uber die Bestimmung der Ubergangswahrscheinlichkeit der 
D-Linien des Natriums aus absoluten Helligkeitsmessungen, die 
Dissoziation von Natriumsalzen und die Halbweite der D-Linien 
in der Leuchtgas-Luftflamme,’ by R. Minkowski, H. G. Miller, 
and M. Weber-Schiifer, Zeitschrift fiir Physik, vol. 94, 1935, pp. 
145-171. 

831 ‘The Sodium-Line-Reversal Method of Determining Flame 
Temperatures,” by B. Lewis and G. von Elbe, Engineering, vol. 140, 
August 23, 1935, p. 203. 


hits yo 


7 
ot 


. 
: 


PRO-58-3 


Tests of Radiation From Luminous Flames 


By W. TRINKS! anp J. D. KELLER,? PITTSBURGH, PA. 


This paper discusses the radiating power of luminous 
flames produced in the burning of natural gas and the ef- 
fects which the different conditions of injection and com- 
‘bustion of the gas have upon such radiating power. The 


authors described the equipment used in making the 


tests which included a standard-type glass-tank burner 
and a newly developed burner designated as a “‘cracking 
and mixing” burner. The series of tests conducted with 
these burners were made to determine the effect on flame 


radiation of the following factors: Excess air or gas; chang- 
- ing the temperature of the preheated air; preheating the 


gas; changing the velocity of the gas; varying the pro- 
portion of gas passed through the high-pressure and low- 
pressure nozzles of the cracking and mixing burners; ad- 
' dition of gasoline to the gas; changing the angle of the 
burners; changing the velocity of the preheated air; clos- 
ing or changing the size of the air hole around the burners; 


inserting or removing a tongue from the port; and chang- 


/ing the furnace pressure. Curves are presented by the 
authors showing these various effects. 


HE INFORMATION disclosed in this paper was gained from 

research done years ago at the Carnegie Institute of Tech- 

nology for the Libbey-Owens Sheet Glass Company. The 
authors were under contract not to divulge anything about this 
work until December, 1934, in order to allow ample time in which 
to secure patent protection for any apparatus or method which 
might be developed from the tests. As a year has elapsed 
since the dead line was passed the authors feel free to yield to the 
pleadings of heat engineers who had opportunity to know of the 
thoroughness of the tests and therefore offer the results to the en- 
gineering public. 

The paper deals with the radiating power of luminous flames 
produced in the burning of natural gas, and with the effects which 
the different conditions of injection and combustion of the gas 
have upon such radiating power. 

In all of these tests, the fuel, Pittsburgh natural gas, was burned 
in highly preheated air. The work was carried out in the com- 
bustion tunnel at Carnegie Institute of Technology. This tun- 
nel is shown in Figs. 1 and2. The equipment, measuring devices, 
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and method of testing are described in an Appendix to the paper. 
Two general types of burners were used. ‘The first was a typical 
glass-tank burner consisting of two nozzles, one on each side of 
the port, injecting the gas with a velocity of 85 to 120 fps at an 
angle of (usually) 45 deg to the axis of the port, so that the two gas 
streams if not deflected would impinge on each other at right 
angles as shown in Fig. 3. The second type of burner was a new 
development designated as a ‘cracking and mixing” burner, be- 
cause it was designed to cause, first, dissociation or cracking of the 
gas and formation of carbon particles distributed throughout the 
mass of the gas, and later, thorough mixing of the cracked gas 
with the combustion air. It consisted of two large nozzles, lo- 
cated near the floor of the port, through which the greater part of 
the gas entered at low velocity in front of a bridge wall; and two 
small high-pressure nozzles located higher up and further forward 
on each side of the port and injecting the remainder of the gas at 
about 45 deg to the port axis as shown in Fig. 4. Many different 
arrangements and changes of proportions were tried, but those 
shown in Fig. 4 gave the most satisfactory results, and for that 
reason the test data for this type of burner will, except where 
noted, be given for this particular arrangement only. 

The port which guided the flame into the furnace, and in which 
the burners were located, had exactly the same proportions as a 
glass-tank port but was smaller in size. Its mouth was 15 in. 
wide X 9 in. high in the first series of tests; these dimensions 
were changed to 11%/, in. X 71/3 in. in the series of tests run 
three years later. The cross section of the furnace or combustion 
tunnel had an inside width of 24 in. and the height from the floor 
to the crown of the arch was also 24 in. The thickness of the 
flame layer through which the radiometer was sighted was there- 
fore 15 in. (113/, in. in later tests) at the mouth of the port, and 
approximately the same at measuring opening No. 1, but as the 
jet of flame expanded it increased to the full width of the furnace, 
and the thickness of the flame was therefore 24 in. at openings 
Nos. 2, 3, and 4, location of which is shown in Fig. 1. 

Series of tests were made to determine the effect on flame radia- 
tion of the following factors: Excess of gas or air; changing the 
temperature of the preheated air; preheating the gas; changing 
the velocity of the gas; varying the proportion of gas passed 
through the high-pressure and low-pressure nozzles of the crack- 
ing and mixing burners; addition of gasoline to the gas; chang- 
ing the angle of the burners; changing the velocity of the pre- 
heated air; closing or changing the size of the air hole around the 
burners; inserting or removing a tongue from the port; and 
changing the furnace pressure. 

From a scientific standpoint, the most interesting property of 
the flame is its emissivity, which is defined as the ratio of the 
quantity of heat radiated per unit area and unit time by the flame 
at a given temperature to the quantity which would be radiated 
by a perfect black body at the same temperature. From an en- 
gineering standpoint, however, the interesting property is the ac- 
tual rate of heat emission from the flame in Btu per sq ft per hr, 
and this depends not only on the emissivity but also on the tem- 
perature of the flame. It is evident that in a flame in which heat 
is being developed by combustion at a given rate, the temperature 
must drop if the emissivity is increased. In some cases, there- 
fore, it will be necessary to indicate not only the emissivity but 
also the temperature of the flame along its path in order to pre- 
sent a complete picture of the relations. In general, the emissivi- 
ties as calculated from the measured heat quantities and tem- 
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peratures will be shown, plotted on the basis of distance along the 
flame path. 

Before describing the effects of the various changes, it may be 
desirable to present for comparison, representative results for the 
two different types of burners. The solid-line curve in Fig. 5 
shows the average emissivity of the flame from the standard 
type of glass-tank burner, with 3 to 12 per cent excess gas, 1700 
F average air preheat temperature, 100 fps gas velocity from the 
nozzles when burning 16 cu ft of natural gas per min. The dot- 
dash (bottom) curve shows results of a later series of tests with 


burners of the same type but of smaller size. ‘It corresponds to 
an average of 7 per cent excess gas, 2000 F preheat temperature, 
120 fps gas velocity when burning 14 cu ft of gas per min. The 
broken-line curve shows the average emissivity of the flame from 
the cracking and mixing burners, with about 9 per cent excess 
gas, 1700 F average air preheat temperature, 10 fps velocity from 
the low-pressure nozzles, the pressure on the high-pressure jets 
being about 1 lb per sq in., when burning 16 cu ft of gas per min 
and sending about 85 per cent of it through the low-pressure 
burners. 
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VaryING THE Gas-ArR Ratio (Excess or Gas or AIR) 


This is one of the most important of all the factors that in- 
fluence the luminosity or radiating power of the flame. With 
the standard glass-tank burners, as will be evident from Fig. 6, 1 
per cent excess of gas means roughly 1 per cent increase of aver- 
age emissivity up to 35 per cent; the rate of increase probably 
being somewhat greater than this for small percentages of excess 
and somewhat smaller for large percentages of excess gas. It 
will be noticed that the emissivity near the burner is very little 
affected, and that the farther the flame travels, the greater is the 
increase. In a general way, this is desirable for the sake of more 
uniform distribution of heat, but is of course wasteful of fuel. 
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Fig. 6 Errsct or Excess Gas or AIR 


(Solid lines for cracking and mixing burners; dashed lines for standard-type 
glass-tank burners 0.5 in. in diameter; and the dot-and-dash lines for stand- 
ard-type burners 0.42 in. in diameter.) 


In the cracking and mixing burners, an excess of gas likewise in- 
creases the emissivity, although the percentage increase is less 
than for the standard burners; and excess air decreases the emis- 
sivity. From the heat-transfer standpoint, there is no necessity 
for using excess gas with these burners, since even with no excess 
(ideal ratio) the emissivity is so near the maximum possible value 
that little would be gained by increasing it. In glass tanks, how- 
ever, it is often preferred for reasons of glass technology rather 
than of heat transmission to work with a reducing flame, usually 
corresponding to between 5 and 10 per cent excess gas. 


Errect or Air PREHEAT TEMPERATURE 


Contrary to the general impression and to statements in some 
textbooks, increasing the temperature of the air supplied for com- 
bustion does not always increase the radiating power of the flame; 
sometimes it causes a decrease. The reason for this fact may be 
expressed in a general way by the statement that combustion of 
hydrocarbon gases is a race between hydroxylation (partial com- 
bustion) and cracking. Cracking, or dissociation of the gas into 
carbon and hydrogen, is of course the source of the luminosity or 
full-spectrum radiation from the flame.’ If hydroxylation is the 

3“Puels and Their Combustion,” by R. T. Haslam and R. P. 


Russell, McGraw-Hill Book Company, New York, N. Y., first edition, 
1926, p. 185. 
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predominating action, it will be increased, by preheating the air, 
to a greater extent than will the cracking; but if cracking is the 
predominating action, then this will be increased to the greater ex- 
tent. Arough rule is that the emissivity of thick gas streams flow- 
ing at low velocity is increased when the air temperature is raised, 
but the emissivity of gas streams of small diameter flowing at high 
velocity is decreased under the same conditions. Referring to Fig. 
7, there can be no question but that with the cracking and mixing 
burners, raising the air temperature (figures in parentheses) in- 
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Fie. 7 Errect or PREHEATED AIR 


(G represents excess gas; A represents excess air; figures in parentheses 
represent air preheat; other figures represent flame temperatures.) 


creases the emissivity. Also, the broken lines in the upper sec- 
tion of Fig. 7 show beyond a doubt tbat with standard burners of 
small size (0.42 in. diameter) with high gas velocity (120 fps), the 
higher air temperature causes a decided decrease of emissivity. 
The larger standard burners (0.50 in. diameter) however, having 
lower velocity (100 fps), the results for which are shown by the 
broken lines in the lower section of Fig. 7, are apparently ‘‘on the 
fence;” raising the air temperature at first increases the cracking 
and with it the emissivity of the flame, until an air temperature 
of more than 1600 F is reached, after which a further increase of 
air temperature again apparently reduces the radiating power.‘ 

A case in which as much as 200-F variation of air temperature 
made practically no difference in emissivity is illustrated by the 
solid lines in the upper part of Fig. 6. This was a modified crack- 


4 This cannot be stated as a definite conclusion, however, because 
there is just a possibility that conditions varied during the tests. 
With reference to Fig. 7, the runs with 1260, 1440, 1520, and 1625 F 
preheated air were made in one day, and those at 1790 and 1820 F 
were made on the succeeding day. (The values for 1820 F are the 
average of 3 different tests, or 18 readings for each point.) While 
all conditions as shown by the measurements were maintained con- 
stant, with the exception of the air preheat, during all six runs, it is 
just possible that the amount of heavy hydrocarbons in the natural 
gas may have changed from one day to the next, and that this, rather 
than the effect of the preheat, may account for the relatively low 
values at 1790 and 1820 F. The probability is, however, that while 
some variation may have been due to this cause, the preheat actually 


does produce a decrease of emissivity after an optimum temperature is 
exceeded. 
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ing and mixing burner using no bridge wall, having low-pressure 
inlets of 0.84 in. diameter through which the gas entered at 30 
fps, the mixing being produced by small compressed-air jets for- 
ward of the gas inlets. 

With the standard burners, with a gas velocity of 120 fps and 
1780 F air, about the same emissivity was produced as when the 
same quantity of gas was passed through slightly larger burners 
with a velocity of 85 fps into 1960 F air. 

Even when a flame of high emissivity can be produced inde- 
pendently of high air preheat (as by using an excess of gas or by 
using the cracking and mixing burners), a high temperature of 
air preheat is of distinct advantage in obtaining more uniform 
heat transfer by preventing excessive temperature drop along the 
flame path. 

If with low preheat temperature, the emissivity of the flame is 
increased, the necessary temperatures cannot be attained nor 
maintained. With high preheat temperature, combustion can 
be slower and still give sufficiently high maximum temperature at 
the same time without danger of depressing the average flame 
temperature so that the heat transfer (as distinct from the emis- 
sivity) is no greater than with the flame of lower emissivity. In 
glass-tank practice, high preheat temperature is essential to suc- 
cess with highly radiant flames. 


ErFrsEct OF PREHEATING THE GAs 


Contrary to what might have been expected, preheating the 
natural gas to moderate temperatures resulted not in an increase 
but in a marked decrease of flame emissivity. The results with 
the standard glass-tank burners are shown in Fig. 8, wherein the 
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(Figures in parentheses reprosante eee to which the gas was pre- 
eated.) 


figures in parentheses denote the temperature to which the gas 
was preheated. The top curve applies to cold gas. _In the tests 
to which the two lower curves apply, the testing was started with 
the gas at 375 F, and while the radiometer was moved from one 
station to the next, from the burner end of the furnace to the flue 
end and back again, the gas temperature gradually rose to 635 F. 
The reduction of emissivity produced by increase of gas tempera- 
ture was very marked. The explanation appears to be, that the 
amount of preheat was not sufficient either to cause cracking of 
the gas before it entered the furnace or to expedite the cracking 
after it entered; instead, the increase of velocity due to expan- 


5“Radiation From Luminous and Nonluminous Natural-Gas 
Flames,” by R. H. Sherman, Trans. A.S.M.E., vol. 56, 1934, paper 
IS-56-1, pp. 177-192. 
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sion of volume reduced the time available for cracking before mix- 
ing occurred. On the other hand, the preheat was sufficient to 


_ increase appreciably the velocity of combustion, both directly by 


the increase of molecular velocities, and indirectly by the quicker 
mixing due to the expansion of the gas and its consequent greater 
velocity when leaving the burners. 

Preheating the gas not only makes radiation less uniform along 
the path of the flame, but shortens and sharpens the flame, causes 
it to spread vertically or “fishtail,” and produces local overheat- 
ing. In all respects, it produces a condition less desirable for 
glass-tank use than that obtained with cold gas. 

That the acceleration of cracking by gas preheat in any case 
would be small, is evident by other tests (not shown in the curves) 
with the cracking and mixing burners, in which the emissivity 
with gas preheated to 780 F was almost exactly the same at each 
station as with cold gas, the greatest difference at any point being 
not greater than the probable error of measurement. Preheating 
the gas to really high temperatures is of course impossible from a 
practical standpoint, because of soot deposits in the supply pipes. 


Errecr or Gas VELOCITY AND BURNER SIZE 


When burning gas at a given rate, the emissivity of flames from 


. the standard glass-tank burners decreases rapidly as the nozzles 


are made smaller, this being evident from a study of Fig. 9. This 
is due to two factors, both acting in the same direction. De- 
crease of jet size means increase of velocity, and both small size 
and high velocity favor mixing at the expense of cracking. The 
reduction of emissivity is consequently drastic and the tests con- 
firm the observations made many times by glass-tank operators, 
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Fic.9 Errect or Gas VELOCITY AND BURNER S1zB USING A STAND- 
ARD GLAss-TANK BURNER AND A SMALL PorT 
(G represents excess air.) 


EMISSIVIT¥ OF FLAME - PERCENT 


that increasing the size of the burners produces a more hazy flame 
and that reducing the size results in a thinner clearer flame. If 
the burner is too large, the flame becomes smoky, and combustion 
tooslow. Hence, there is an optimum size for this type burner. 

An important observation was that this optimum size of burner 
depends on the preheat temperature of the air. As previously 
mentioned, a gas inlet velocity of 120 fps produces about the same 
emissivity of flame with 1780 F air as does a gas velocity of 85 
fps with 1960 F air. 

With the cracking and mixing burners, the effect of changing 
the pressure (and consequently the velocity) and the proportion 
or fraction of the total gas which was passed through the high- 
pressure nozzles, was studied, the results having been plotted in 
Fig. 10. In general, a higher pressure ahead of the mixing-gas 
nozzles corresponded to a greater percentage of mixing gas and a 
lower percentage of low-pressure or cracking gas. However, this 
was not always the case because of change of nozzle size. Using 
two different sizes of nozzles, two curves were obtained for the 
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same percentage but different pressures, namely 28 per cent for 
a pressure of 4 Ib per sq in. and 28 per cent for a pressure of 1.5 Ib 
per sq in.; although applying to somewhat different types of port, 
the two lie so close together that the conclusion can safely be 
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drawn that in this type of burner it is the percentage of cracking 
gas rather than the pressure or velocity of mixing gas which is 
the predominating factor. 


Errect or Apping GASOLINE (CARBURETION) 


Glass-tank operators who have been used to wet natural gas 
and who are compelled to burn gas from which the gasoline has 
been extracted, often claim that the gasoline extraction seriously 
impairs the value of the gas for glass making. Therefore, tests 
were made to determine the effect of adding various percentages of 
gasoline to Pittsburgh natural gas, which is adry gas. The results 
are shown in Fig. 11. Hach of the curves is the average of two or 
more sets of tests. The symbol X means equivalent excess of 
combustible present (gas plus gasoline), while “per cent gasoline” 
means the amount of gasoline introduced into the gas pipe, ex- 
pressed in per cent of the heating value of the gas. On the aver- 
age, 1 per cent of gasoline produces 21/; to 31/2 per cent increase 
in flame emissivity, the excess combustible being the same. Since 
the average amount of gasoline extracted from natural gas as it 
comes from the wells corresponds to about 2 per cent, it is evident 
that the flame emissivity cannot be reduced more than about 7 
per cent below that of the wet gas by the extraction. The differ- 
ence in results claimed by the operators therefore appears in this 
particular case to be largely psychological. 
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Substitution of ethyl gasoline for straight gasoline made no 
difference whatsoever in the results. 


Errrect or CHANGING THE ANGLE OF THE BURNERS 


With the standard-type burners, tests were made with the axes 
of the nozzles set at angles of 30 deg, 43 deg, and 50 deg with the 
center line of the port. Changes within these limits caused only 
small differences in the flame emissivity, as shown by the broken 
lines in Fig. 12, and even less in the overall heat transfer. The 
larger angle produced localized high temperature and slightly 
greater but correspondingly less uniform radiation. The smaller 
angle impaired the mixing somewhat, tending to produce a 
streaky flame and less complete combustion. The standard 45- 
deg angle appears to furnish the best compromise in regard to 
glass-tank conditions. 
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Fie. 12 Errecr oF ANGLE OF BURNERS TO CENTER LINE OF Port 


With the cracking and mixing burners, the emissivity as shown 
by the solid lines in Fig. 12 was much less when the low-pressure 
inlets were set at right angles to the port center line than when set 
at 45 deg. In fact, in the very first tests made with this type of 
burner, the inlets were set at 90 deg, and not until the angle was 
changed to 45 deg were satisfactory results obtained. 


Port Sizz anp Vre.ocrry or Hor Arr 


Unfortunately, arrangements could not be made to vary the 
thickness of flame layer, except to the extent that the reduction 
in port width in the later series of tests meant a thinner layer at 
observation opening No. 1, and here the effect was overshadowed 
by the difference in nozzle size and gas velocity from those of the 
first series of tests. 

The equivalent port size was varied in the first series of tests by 
changing the gas and air quantities in the same actual port. Thus 
a decrease of 15 per cent in the air and gas velocities was consid- 
ered equivalent to increasing the port area by about the same 
percentage, but the average emissivity was raised thereby only to 
the extent of 4 per cent. Combustion was slightly less complete 
than with the small port. 


OprNrInes AROUND BuRNERS 


Operators lay great stress on the presence of openings around 
the burners through which cold atmospheric air can be drawn in. 
They believe the proper size of these openings to be of great im- 
portance. Two different sets of tests were made to study the 
effect on the flame of closing these openings entirely. When the 
openings were closed, the emissivity averaged 7 per cent less than 
when they were open. Other tests, made with the openings en- 
larged considerably in size, showed no measurable difference com- 


pared to the original size. Measurements made to determine the 
quantity of cold air drawn in showed this to be entirely negligible 
compared to the quantity of preheated air. Evidently the open- 
ing around the burner nozzle is required merely to break the vac- 
uum which would be formed in the burner block by the jet action 
and would interfere with proper flame development (and also 
cause carbon deposition). Hence, even a very small opening is 
as good asa large one. The principal purpose of the holes is ap- 
parently to keep the burners clean. 


FURNACE PRESSURE 


Extremely small variations in the furnace pressure caused 
noticeable variations in the character of the flame and in its emis- 
sivity. These variations, produced by opening or closing the 
stack damper, were so small that they could be detected only by 
a highly sensitive gage. Ordinarily the pressure at the hearth at 
the flue end of the furnace varied from zero to. —0.005 in. of water 
(slight draft), but because of the buoyancy of the hot gases, a 
slight positive pressure always existed at the port level. Because 
of infiltration of air through the gaps around the measuring open- 
ings and possibly through the joints and the pores of the bricks 
themselves, a change from slight positive pressure to slight draft 
often produced a noticeable change in the furnace atmosphere 
from quite smoky to fairly clear, with a corresponding decrease in 
heat-transfer rate. 

Fortunately, a quick but accurate indicator was available in 
the “‘stinger’’ or small tongue of flame issuing from an observation 
opening at the rear end of the furnace. By adjusting the stack 
damper to maintain a constant length of stinger, the pressure 
could be maintained constant within a few thousandths of an 
inch of water. 


GENERAL OBSERVATIONS 


It was found that the less the opacity of the flame, the more it 
flickered and the more erratic were the individual readings. With 
the cracking and mixing burners, producing a flame saturated 
with carbon particles and having high emissivity, the readings 
could be duplicated time after time for a given set of conditions, 
but with the standard glass-tank burners, considerable variations 
were often encountered between successive readings even when all 
conditions remained apparently constant. With these burners, 
it was necessary therefore to take a larger number of readings in 
order to obtain a representative average. 

Other variations with time, occurring when gas and air quan- 
tities and temperatures remained constant, were ascribed to con- 
densation and subsequent reevaporation of heavy hydrocarbons 
in the gas main. It was noted, for instance, that in cold weather 
the flame emissivity usually decreased during the night and in- 
creased during the day, which would agree with this theory. 
Calorimeter tests showed a similar variation of heating value of 
the gas, but ordinary chemical analyses of gas samples taken at 
various times did not. (Fractionation apparatus was not avail- 
able.) 


CoNcCLUSIONS AS APPLIED TO RADIATION IN Guass TANKS 


1 Of the various factors which influence flame emissivity, 
which can be controlled or varied by the glass-tank operators, and 
with which they are continually experimenting with a view to 
improvement, only a few are really effective. The most impor- 
tant of these in order of effectiveness when standard-type burners 
are used, are change of nozzle size and gas velocity, change of gas- 
air ratio, and change of air preheat temperature. All the various 
port proportions and angles are of negligible importance com- 
pared to these three factors. The drastic change produced by 
change of nozzle size and gas velocity, and the way in which the 
optimum size is modified by other conditions such as air preheat 
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temperature, warrant the experimenting which is continually 
- earried on by the operators to determine the best size for a given 
tank. Of course, they are interested not only in emissivity but 
in fairly uniform temperature distribution, flame direction, na- 
ture of furnace atmosphere as related to chemical or physical ac- 
tion on the glass bath, and diminution of dusting and of port 
erosion. ‘The flame of highest emissivity may not be the best all- 
around glass-furnace flame. 
_, 2 The highest possible emissivity obtainable with the stand- 
ard burners, even under the best possible conditions, is far ex- 
- ceeded by that obtained with the specially designed cracking and 
mixing burners. With these, black-body radiation can be closely 


approached, even with a flame only 2 ft in thickness. 


However, the percentage increase in heat transfer obtainable 


q 
7 in the actual glass tank will for two reasons always be less than 
the increase of measured emissivity would indicate. 


First, be- 
cause the emissivity is related to thickness of flame layer by an 


| “exponential law, and while the thicker flames in glass tanks will 


| 


_ greater the opacity of the flame. 


have greater emissivity than the thinner layers of the same kind of 

flame in the experimental furnace, the difference will be less, the 

Second, because in the actual 
glass tank the interaction of the flame and the roof or CA Dae 

_radiation minimizes the effect of the flame alone.® 

_ The real advantage of the opaque or luminous flame of high 
emissivity in glass-tank practice lies not so much in increase of 
heat-transfer rate as in penetration of radiant heat more deeply 
into the glass bath. It is not at first thought evident why radia- 
tion from a very hazy flame should penetrate more deeply than 
radiation from a relatively clear flame or from nonluminous gases, 
but that it does so has been proved beyond question by observa- 
tions and measurements in actual glass tanks. The explanation 
probably lies in the selective absorption by the glass of the radia- 
tion in certain wave bands, as suggested by W. Trinks in a recent 
paper before the American Ceramic Society.’ Because of this 


' increased penetration of radiant heat, the production from a given 


size of tank can be greatly increased. Given the proper refrac- 
tory materials to withstand the disintegrating action of the nas- 
cent carbon produced by the cracking of the gas, and proper port 
design to prevent deposition of coke, there is no reason why highly 
radiant flames should not be successfully applied to at least 
double the present throughput of glass tanks. 


Appendix 
Trst Mrruops AND APPARATUS 


In planning the tests, two methods of radiation were considered. 
The first method employed the use of a calorimeter such, for ex- 
ample, as that used by J. D. Keller§ arranged to receive radiation 
from the flame only. The second method employed the use of a 
radiometer, also screened from any radiation except that from 
the flame, and calibrated in terms of black-body radiation. The 
first method has the advantage of giving an absolute rather than 
a comparative measurement, but has the great disadvantage of 
slow action, because time must be allowed for the water flowing 
through the calorimeter to reach temperature equilibrium. As it 
was desired, in the tests herein described, to investigate a very 
wide range of conditions and port designs and to study the effect 
of a large number of variables, quickness of action was essential. 
After experiments with a home-made radiometer of the reflector 


6 “Industrial Furnaces,” by W. Trinks, John Wiley & Sons, 
Inc., New York, N. Y., vol. 1, third edition, 1934, pp. 31-33. 

7“Beonomy and Capacity of Glass Tanks,” by W. Trinks, In- 
dustrial and Engineering Chemistry, vol. 25, 1933, pp. 865-870. 

8 “Effect of Reradiation on Heat Transmission in Furnaces and 
Through Openings,” by H. C. Hottel and J. D. Keller, Trans. A.S. 
M.E., vol. 55, 1933, paper IS-55-6, pp. 39-49. 
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type which proved to be much too sluggish, it was decided to use 
the Pyro radiation pyrometer as a radiometer. This instrument 
consists of a small sensitive thermopile on which the radiation is 
concentrated by means of a quartz lens. The galvanometer is 
enclosed in the same casing with the instrument, the whole as- 
sembly weighing only 13/4 lb. An eyepiece in the rear permits 
sighting directly at the radiant object. The instrument acts 
quickly and reaches equilibrium in a very few seconds. 

To screen the radiometer from any radiation except that of the 
flame, a water-cooled copper holder was provided as shown in 
Fig. 2. The interior was carefully smoke-blackened. In order 
to prevent condensation of water on the inner surfaces which 
might cause undesired reflection of heat, or the entrance of smoke 
which would partially blanket the radiation, a small tube was 
provided, as shown in Fig. 2, through which air was admitted in 
a gentle stream from a fan at a pressure of about 4 oz per sq in. 
With hazy flames, shutting off or turning on the air was found to 
produce a noticeable difference in the readings. A diaphragm 
was provided to reduce the received radiation to the amount re- 
quired to give sufficient but not too great deflection of the gal- 
vanometer needle. The whole assembly, radiometer and holder, 
was calibrated before and after each series of tests by sighting it 
through a small opening into the interior of a special small fur- 
nace, the wall temperature of which was measured by a cali- 
brated optical pyrometer. The furnace atmosphere during the 
calibration contained nothing but air. The change from one 
calibration to the other, over a series of runs, was found to be very 
small. 

In one side wall of the furnace were provided four observation 
holes, spaced about 35 in. apart, as shown in Fig. 1. Directly 
opposite these openings were provided the long vertical slots 
shown in Fig. 2. Those of the slots not in use at any time were 
closed by insertion of fire-clay blocks, but the one in use was 
closed on the outside by means of a water-cooled box, so shaped 
as to prevent reflection of any radiation. The angle of the cone 
of rays included within the aperture of the diaphragm in the 
holder was sufficiently small (about 5 deg) so that the thermopile 
was exposed only to the water-cooled box opposite, and not to 
any of the brick surfaces. Hence, it received radiation from the 
flame only. In order to take account of possible stratification in 
the flame, the holder was so arranged that it could be tilted up or 
down, to an angle of about 7 deg with the horizontal. 

The order of procedure was as follows: Start at opening No. 1 
(nearest the port). Move the radiometer and holder into place; 
remove block from slot opposite and move water box into place; 
sight radiometer horizontally and take reading; sight it down- 
ward at 7 deg to horizontal and take reading; sight it upward at 
7 deg and take reading. At the same time read all temperatures 
and rates of air flow and gas flow. Move successively to openings 
2, 3, 4, then back to 3, 2, 1, repeating the procedure at each open- 
ing. As the water box was moved to the next slot, a fire-clay 
block was inserted into the preceding slot, and the observation 
hole was closed by a stopper. In those cases where considerable 
flickering of the flame and variation of the readings occurred, the 
whole procedure was repeated a second time. Thus each final 
reading at each opening was the average of at least six, and in 
some cases of twelve, separate readings. 

Temperatures in the furnace were measured by four calibrated 
platinum versus platinum-rhodium thermocouples, protected by 
sillimanite tubes of 5/s in. outside diameter, inserted through the 
roof of the furnace as close as possible to each observation hole 
without being in the line of sight, and extending about 8 in. below 
the under side of the roof. They were connected through com- 
pensating lead wires and an enclosed multipoint switch to a 
Brown indicating galvanometer with cold-junction compensator. 
The temperature of the preheated air was measured by a bare 
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base-metal couple while the temperature of the gas when pre- 
heated was measured by a 1000-F mercury thermometer. 

The gas flow was measured by calibrated orifice meters and 
also by adry meter. The air flow was measured by orifice meters 
in the cold-air line leading to the metallic recuperator and in the 
hot-air line leading from that recuperator. In the first series of 
tests, wherein the air after leaving the metal recuperator passed 
through a silicon-carbide tube recuperator, the leakage in the lat- 
ter in spite of frequent repairs and careful sealing of the interior 
joints was so serious that the air measurements could not be used, 
and the air-gas ratio had to be calculated from the complete 
flue-gas analyses. In the later tests, the air passed from the 
metal recuperator through an electric air-heater completely en- 
cased in steel, and thence through a regenerator thoroughly sealed 
by a plastic coating completely covering the outside. There was 
in this case no chance for leakage, and measured air quantities 
checked very well with the quantities calculated from the meas- 
ured gas quantity and the flue-gas analysis. 

For the latter, the density-type CO, meter was found to be 
entirely useless because when any excess of gas was used the small 
amount of hydrogen present was sufficient to counterbalance the 
effect of the CO. and actually to cause a negative reading. A 
Hays chemical absorption-type meter worked very satisfactorily 
and required little attention, but determined CO, only. A Mono 
instrument determined not only CO: but combustible CO and 
Hs, but it required considerable attention and was found to be 
affected by temperature changes. A standard Orsat was used 
constantly, determining COs, Oz, and CO, and check analyses were 
made at intervals with the Bureau of Mines type of Orsat which in- 
cludes a combustion pipette to determine the hydrogen in the flue 
gases. 

The heating value of the natural gas was determined continu- 
ously by a Junkers calorimeter, and chemical analyses were made 
of occasional samples. Fractionation apparatus was not avail- 
able. The average analysis of Pittsburgh natural gas as deter- 
mined by the usual chemical methods was 87 per cent CHg, 11.5 
per cent C.H., 1.5 per cent Ns, plus COz. The higher calorific 
value of this fuel was 1090 Btu per cu ft referred to 60 F, and 29.92 
in. hg at a density of 0.632. Fractionation analyses which were 
made at another time at the Bureau of Mines have shown that 
the true composition of this gas is about 84.7 per cent CHg, 9.4 
per cent C2H., 3.0 per cent C;Hs, 1.3 per cent CsHio, and 1.6 per 
cent No. 
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SourcEs OF ERROR 


It has been thought that the quartz lens of the radiometer 
might absorb part of the radiation in the longer wave lengths and 
thus show apparent flame emissivities which are lower than the 
actual. In the few cases where clear flames (without carbon 
particles) were produced, the measured radiation was lower than 
that which the percentages of CO. and H:O present should have 
produced according to the data of Schack or of Hottel, and it is 
quite possible that strong absorption by the quartz lens in the 
region of the long-wave-length bands of these gases may account 
for this, or at least partially so. With luminous flames, on the 
contrary, the radiation is probably well distributed over the full 
spectrum with the high intensities and the peak of the Planck 
curve in the same wave lengths as for black-body radiation at the 
same temperature; although for the temperatures prevailing, the 
great bulk of radiation occurs at wave lengths much shorter than 
those at which the quartz absorption is considerable. The error 
from this source should be negligible. 

As to the temperature measurements, it was realized that as- 
piration pyrometers would have been preferable, although at 
those places where combustion is incomplete, these may read too 
high because the mixing due to high velocity in a small tube 
causes additional combustion and generation of heat. The or- 
dinary type of thermocouple shows a temperature intermediate 
between flame and wall, and therefore too low, with the result 
that the calculated emissivity is too high. However, a calcula- 
tion for an assumed flame temperature, balancing the heat re- 
ceived by the actual thermocouple protecting tube (which was 
5/, in. in diameter) against the heat radiated to the walls and to 
the partially exposed water-cooling pipes on the hearth, including 
the proper angle factors, showed that for the usual glass-furnace 
flame the amount by which the thermocouple temperature is less 
than the true flame temperature would not be sufficient to make 
a difference of more than about 3 per cent, at the very most, in 
the flame emissivity. With clear gases, the error would be greater 
and the emissivity would be too high, whereas actually it was, as 
previously mentioned, apparently too low under these conditions. 
With highly radiant, hazy flames, which are nearly opaque to 
heat rays (such as those produced by the cracking and mixing 
burners) the error would be less; in fact, the couple must have al- 
most exactly the same temperature as the flame, since it is almost 
completely blanketed-off from the walls by the heat-opacity of 
the flames. 


\ 
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Effect of Concentrated Sodium Hydroxide 


on Boiler Steel Under Tension 


By A. S. PERRY,? HUNTINGTON, W. VA. 


The study reported in this paper was undertaken pri- 
marily for the purpose of developing failures in typical 
boiler plate under tension and in contact with high con- 
centrations of sodium hydroxide in water solution. The 
failures occurring were examined carefully for evidence 
commonly considered indicative of caustic embrittlement. 
Photomicrographs are presented showing the presence of 
both intercrystalline and transcrystalline cracks. The 
author also includes a discussion of riveting pressures in- 
asmuch as such pressures tend to affect the stresses in the 
fabricated unit. Impurites in the metal used for rivets 
and plates are also considered. 

As a result of these studies it is concluded that whereas 


HE EXPERIENCE of the railroads in connection with 
Die failures has been such that, in general, it has been 

found difficult, if not impossible, to accept the prevailing 
ideas regarding the relation of salt concentration in boiler water 
to the failures encountered. 

The investigation reported upon in this paper was undertaken 
in an effort to examine more carefully the fundamental factors 
which produce boiler-metal failures and the specific characteristics 
of the failure itself. The investigation was divided into two parts, 
the first of which was devoted to tests involving the development 
of failures in which a solution of sodium hydroxide was one of 
the factors considered. The second part of the investigation was 
devoted to those factors associated with the metal which con- 
tribute to the development of abnormal stresses either directly or 
indirectly as in metal quality. 


1 FAILURES PRODUCED UNDER CONDITIONS WHERE 
THE SOLUTION IN CONTACT WITH THE METAL 
Is A FACTOR 


This part of the investigation is considered in two sections: 
(A) That in which a small experimental boiler was used to de- 


1 Report of the Joint Research Committee on Boiler Feedwater 
Studies. This committee is appointed jointly by the American Boiler 
Manufacturers Association, American Railway Engineering Associa- 
tion, American Water Works Association, Edison Electric Institute, 
the American Society for Testing Materials, and Tux AMERICAN 
Socisty or MrcHaNnicaL ENGINEERS, to study methods of analysis 
and treatment of boiler feedwater for stationary and railroad practice. 

2 Chief Chemist, test department, Chesapeake and Ohio Railway 
Company. Mr. Perry attended Rensselaer Polytechnic Institute as 
special chemist. For ten years he served as chemist in the labora- 
tories of the American Locomotive Company at Schenectady, N. Y., 
and was later chief chemist and assistant metallurgist at the Chester, 
Pa., plant. He resigned in 1929 to become associated with the 
Chesapeake and Ohio Railway Company as assistant chemist in the 
water-supply department. He was appointed to his present posi- 
tion in 1930, actively assisting in organizing and establishing a new 
laboratory for testing and analyzing materials incidental to railway 
operation. 

Contributed by the Joint Research Committee on Boiler Feed- 
water Studies and presented at the Annual Meeting of THE AMERICAN 
Socrmry or MecuanicaL Encineers, held in New York, N. Y., 
December 2 to 6, 1935. 

Discussion of the paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until June 10, 1936, for publication at a later date. Dis- 
cussion received after this date will be returned. 


the stresses in the fabricated unit and the concentration of 
caustic in solution may be primary causes for the develop- 
ment of the phenomenon of caustic embrittlement, other 
factors contributing to metal stress and perfection of the 
fabricated unit may logically be considered in arriving at 
the fundamental cause of embrittlement. Typical of these 
factors are (@) riveting pressures, and (6) purity and uni- 
formity of rivet and plate metal. 

A more conscientious consideration of the nature of 
the resulting cracks in boiler failure will indicate the 
presence of both transcrystalline and intercrystalline 
cracks; and finally it is pointed out that intercrystalline 
cracks may not always be associated with caustic attack. 


velop failures as the result of attack by sodium hydroxide; and 
(B) that in which an attempt was made to determine the relation 
between stress in the metal and the development of failure under 
specific solution conditions. 


(A) ExprRIMENTAL Borer Stupy 


Since, as has been stated, the experience of the railroads 
generally was such as to cause their engineers to disagree with the 
prevailing theories regarding the cause and inhibition of caustic 
embrittlement, it appeared logical that the initial step in the pro- 
gram should involve tests likely to yield results of more practical 
significance than those concerned simply with test specimens in 
bombs. Toward this end an experimental boiler, similar in many 
respects to a locomotive boiler, was constructed of standard 
1/,-in. boiler plate. The composition and physical properties of 
the metal are given in Table 1. 


TABLE 1 CHEMICAL AND PHYSICAL PROPERTIES OF BOILER 
STEEL USED IN FABRICATING THE EXPERIMENTAL BOILER 
First Second 
course course 
G@arbon, per cent... -<-0.. 5-2 ees see eee eens . 0.220 0.210 
Manganese, per cent... ne 0.370 0.410 
Phosphorous, per cent......... i 0.019 
Sulphur, per cent.........0-- see ec eee eee ete ees 5 0.031 
Yield strength, lb per sq in,........--. +++ 22+ eee 37950 38740 
Tensile strength, lb per sq 1N........-+-+++-+++0+0s 56960 59860 
Elongation in 2 in., per cent.........-.+-+s++++--- 28.5 29.0 


This boiler was 21 in. in diameter and was built in two courses, 
or sections, each 20 in. long. One course was equipped with a 
dished head riveted in place and so arranged that the butt strap 
was at the top, whereas the other course had a removable head 
and so arranged that the butt strap was at one side. The two 
courses were fitted together with a circumferential seam with 
two rows of rivets. The complete assembly is shown in Fig. 1. 
This boiler had a capacity of about 35 gal. 

It was intended that this boiler should operate at a pressure of 
approximately 200 lb per sq in. using a concentrated sodium- 
hydroxide solution. The length of the test period would be 
governed by the ability of the boiler to withstand serious leaking 
or failure resulting from caustic attack. The aim was to produce 
a typical embrittlement in this equipment if possible. Although 


Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not 
those of the Society. 
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the boiler was carefully constructed in all respects, leaks were 
encountered. It was found that when the boiler was operated 
at 200 lb per sq in. with feedwater containing about 400 g per 
1 of sodium hydroxide, the seams and riveted areas required 
continuous calking during the first 100 hr. 

It was finally decided to drop the pressure to 95 Ib per sq in. 


gage. Under this pressure and with a concentration of sodium 
Fic. 1 ExpprimpentaL Borer on Wuicn Tests Warr Con- 
DUCTED 
Fie. 2. Typrcan Borner Rivet-Hoin Cracks 
Fie. 3 AnorHer EXxampLe or TypicaL Borer Rivet-Hoitn 


CRACKS 


hydroxide slightly less than 400 g per 1 the test operation con- 
tinued for a total of 694 hr before a leak developed in the cir- 
cumferential seam between the two courses. Since this leak 
could not be stopped by calking, a preliminary examination was 
made by drilling out a rivet in the seam and examining the plate. 
A crack was discovered extending through both plates. This 
discovery led to the termination of the test and the dismantling 
of the boiler for more detailed inspection. More cracks were 
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revealed in and around the rivet holes, in many cases extending 
from hole to hole. Typical cracks are shown in Figs. 2 and 3. 
Specimens for micrographic examination were cut from the plate 
within the cracked area. These revealed cracks of both an inter- 
crystalline and transcrystalline nature. The photomicrographs, 
Figs. 4 and 5, show the details of typical cracks found. 

This test was considered adequate to demonstrate that boiler 
plate could be cracked under high stress with high concentrations 
of sodium hydroxide, and further, that in character, the cracks 
produced were both intererystalline and transcrystalline. Al- 
though intercrystalline cracks seemed to predominate in general, 
areas were found where transcrystalline cracks were more preva- 


Fie. 5 Typican Cracks Founp In THE BorLprR Puate (X500) 


lent. This was considered significant since general opinion had 
been that caustic cracks were entirely intercrystalline. 

The next step in the progress of this investigation was to de- 
termine the approximate stress in the metal necessary to produce 
failure when the metal was in contact with concentrated sodium- 
hydroxide solution, sodium-sulphate solution, and distilled water. 
The consensus of opinion was that localized stress, possibly due 
to repeated calking, had been an important factor in the crack- 
ing of the experimental boiler. 


(B) Reuation or Stress TO CRACKING 


In this test six bombs similar to those used by F. G. Straub? 
were constructed and mounted in a rack as shown in Fig. 6. 
These were arranged to be heated and to hold small, flat specimens 
under any desired load in tension. The specimens were cut from 
a section of boiler plate sufficiently large to insure their uni- 
formity both as to composition and physical properties. The 
chemical and physical properties of these specimens are given 
in Table 2. 

The procedure for testing involved a steam pressure in each 


3 “Embrittlement of Boilers,” by F. G. Straub, Engineering Experi- 
ment Station, Bulletin No. 216, vol. 24, 1930-1931, University of 
Illinois, Urbana, II. 
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TABLE 2 CHEMICAL AND PHYSICAL PROPERTIES OF REPRE- 
SENTATIVE SPECIMENS OF BOILER STEEL TESTED IN BOMBS 


Chemical properties C Mn iP Ss 
Bpacimon! Nolen tee cca cries a arr entete lone 0.210 0.330 0.012 0.018 
i 0.210 0.340 0.012 0.020 


Yield str., Tensile str., Elongation 
Physical properties lb per sqin. Ib per sq in. in 2in., % 
Specimen NO Os. se awiee ses 33600 59200 24.5 
Specimen No. 9. ....0..6..5% 32400 58400 26.5 
Specimen No. 13............. 33600 58100 23.5 


TABLE 3 EFFECT OF INCREASING TENSION 10 PER CENT 
EACH 100 HR 


Load Hours 

at required 
rupture, to 

Bomb lb per produce 

no. Solution in bomb sq in. rupture 
1 Distilled water 66400 1000 
2 Distilled water 66400 1000 
3 Sodium sulphate? 59760 800 
4 Sodium sulphate” 63080 900 
5 Sodium hydroxide? 46480 400 
6 Sodium hydroxide? 46480 470 


@ Solution in bombs Nos. 3 and 4 contained 43 g of sodium sulphate per 
100 cc of distilled water. 
b Solution in bombs Nos. 5 and 6 contained 400 g of sodium hydroxide per 
liter of distilled water. 
Norts: Average yield strength of specimens = 33,200 lb per sq in, 
Average tensile strength of specimens = 58,566 lb per sq in. 
Steam pressure in bombs = 95 lb per sq in., gage. 


Fie. 6 Test Rack Wire Srx Bomss Usep ror Txstinc Frat 
Bortpr-PLate SPECIMENS IN TENSION 


bomb of 95 Ib per sq in. gage. Each specimen was spring-loaded 
and initially each was stressed in tension to an amount equal to 
10 per cent above the average yield value which, from Table 2 was 
found to be 33,200 lb per sqin. The stress was increased in incre- 
ments of 3320 lb per sq in. (10 per cent of the yield value) each 
100 hr until failure occurred. The results of this test are given in 
Table 3. 

Bombs Nos. 1 and 2 contained only distilled water and both 
specimens lasted 1000 hr and required ultimate tension applica- 
tion before they failed. There were no indications of any cracks. 

Bombs Nos. 3 and 4 contained a sodium-sulphate solution of 
43 g of sodium sulphate per 100 cc of distilled water. Trouble 
was experienced with the packing glands on both of these bombs. 
The test specimen failed in bomb No. 3 while the tension was 
being increased to 80 per cent, whereas the test specimen in bomb 
No. 4 failed at the end of 900 hr while making adjustment to 90 
per cent tension. There is little doubt but that both specimens 
would have lasted 1000 hr and required ultimate tension had it 
been possible to free the packing glands without exerting added 
tension over that imposed by the spring settings. No cracks were 
found in the specimens. 

Bombs Nos. 5 and 6 contained concentrated sodium hydroxide 
(400 g per | of distilled water). Trouble was also experienced 
with the packing gland on bomb No. 5 and the test piece failed 
at 400 hr while applying 40 per cent tension. The test piece in 
bomb No. 6 failed in 470 hr at 30 lb per sq in. steam pressure, 
while the solution, which had been adjusted, was being heated 
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to obtain the required 95 Ib per sq in. pressure. Cracks were 
located in the test specimens which were both intercrystalline 
and transcrystalline. 

A second test was run in caustic solution with an applied tension 
of 10,000 lb over the yield on the test piece in a concentrated 
solution which was gradually increased from 400 to 690 g per Ie 

The test was not run continuously. Steam pressure of 95 lb was 
maintained but 47 hours, while tension was actually on the speci- 
men 214 hours. The test piece failed and both intererystalline 
and transcrystalline cracks were found. 

In addition to the foregoing tests, an experiment was con- 
ducted with two strips of 1/s-in. by 4in. boiler plate bent over 
l-in. mandrels and placed respectively in distilled water and 
concentrated sodium hydroxide heated to 212 F for 1000 hr. 
The test piece in water was corroded but the test piece in caustic 
was not corroded although it was covered with a black oxide 
film. No cracks were present in either specimen. 

Next, a small boiler 5 in. in diameter and 3 ft long was con- 
structed consisting of a pipe welded at both ends which contained 
test pieces under tension. The test was run for 475 hr using a 
concentrated caustic solution of 400 g per | and 95 lb per sq in. 
steam pressure. The boiler did not leak and the test pieces were 
unaffected because they had, presumably, taken a permanent set. 

The test at atmospheric pressure and the test at 95 lb per sq in. 
gage pressure in the welded boiler were conducted to emphasize 
that failure in caustic requires the metal to be constantly stressed 
well over the yield point. 


2—FACTORS CONTRIBUTING TO THE DEVELOPMENT 
OF ABNORMAL STRESSES IN METAL SUBJECTED TO 
EMBRITTLING CONDITIONS 


This section is devoted to (A) a consideration of those stresses 
developed in the plate as a result of high riveting pressures, and 
(B) the character of the metal in regard to impurities. 


(A) Riverine PRESSURES 


It has been stated that faulty workmanship alone has not been 
found to be the cause of embrittlement, although it has been 
recognized that poor workmanship may result in fissures and 
crevices between sheets, joints, and sheets and rivets. Such 
faults create points where high concentration can develop. In 
addition to such faults in workmanship as these, there is that 
one involving the creation of abnormally high stresses, which all 
investigators have agreed as being essential to the development 
of embrittlement in the presence of caustic solutions. It is the 
consensus of opinion that continuous stresses well above the 
yield point are necessary. 

One factor, governed largely by plant practice, which functions 
to produce abnormally high stresses in boiler plate is the riveting 
pressure used in fabricating a seam. The pressures used in the 
fabrication of locomotive boilers often exceed 150 tons per sq in. 
The hydraulic pressure used in riveting the seams of the experi- 
mental boiler discussed in part 1 was 75 tons per sq in. 

In order to obtain information as to the character of the seam 
produced by different riveting pressures the following test was 
conducted. Two sections of standard boiler plate were riveted 
together using a hydraulic pressure of 185, 175, 155, and 75 tons 
per sq in., respectively, on four successive rivets. The section 
formed by the two plates thus joined was cut in two in such a 
manner as to reveal a longitudinal section through the rivets. 
The nature of the metal adjacent to the four rivets is shown 
in Figs. 7, 8, 9, and 10. 

It is interesting to note that the plate subjected to the lowest 
pressure was free from distortion. It was as a result of this ex- 
periment, that the rivets in the circumferential seam of the experi- 
mental boiler were driven at 75 tons per sq in. The test boiler 
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withstood a hydrostatic test of 250 lb per sq in. without leaking. 
Water was placed in the boiler and operated 16 hr at 200 lb per 
sq in. gage pressure. No leaks developed indicating that the 
rivet pressure used was sufficient to produce a leak-proof seam. 
Related to the pressure used in riveting a seam during the 
fabrication of a boiler is the structure of the rivet metal. This 
structure is affected by the heat-treatment the rivet receives while 
being heated for riveting and the work done upon it while being 
driven. The proper heat-treatment of a rivet is important and 
necessary to insure the most effective crystal structure. 


(B) CHARAcTmR oF THE Merat in ReGarp To IMPURITIBS 


Segregation of impurities has always been considered an im- 
portant factor in steel manufacture and while rigid specifications 
have been prepared to assure proper chemical and physical prop- 


Fie. 7 Navrurn or Merrau Apsacent To Rivets DRIVEN AT A 
PRESSURE OF 185 Tons PER Sq IN. 


Fig. 11 Lonerruprnan Section or Rivers SHOWING THE HiGHER 


Fic. 8 Naturn or Mera Apsacent To Rivers Driven av A SuLpHuR CoNnTENT AT THE CoRE 
Pressure or 175 Tons per Sq In. 


Fic. 9 Narurp or Mpra, Apsacunr to Rivets Driven ar, 1G. 12 Cross Sucrion or River SHowine Tan HicHER SULPHUR 
Pressure or 155 Tons pwr 8q In. CONTENT AT THE CORE 


Fie. 10 Narurs or Meran Apsacent to Rivets DRIVEN aT A Fie. 13 ANnotHeR Cross-SECTIONAL Vinw oF A River SHOWING 
PressurE or 75 Tons per Sq In. THE HiGHER SULPHUR CONTENT AT THE CORE 
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\ erties, yet it is possible to have a condition of segregation in 
rivet steel which routine inspection would not detect. 

For example, several rivets were selected at random, split 
lengthwise and etched to reveal a core much higher in sulphur 
content than the surrounding metal as shown in Figs. 11, 12, 
and 13. The core extended well into the head and when driven 
was spread out so that the entire segregated area was in contact 
with the boiler plate. This condition of sulphur segregation 


Fic. 15 PxHoromrcroGRapH or SECTION oF PLATE FRoM CRACKED 
Borer SHOWING SEPARATION BETWEEN CrysTALs (100) 


Fig. 16 Unrrorm CRYSTALLINE STRUCTURE IN THE SAME SPECI- 
MEN (X 100) 


Fic. 17 Nonuntrorm CRYSTALLINE STRUCTURE IN THE SAME 


Specimen (X100) 


Fic. 18 PHoTroMICROGRAPH OF A CAR JOURNAL WHICH FAILED IN 
Service, SHowine Cracks FoLLowInG THE GRAIN BoUNDARIBS 


would not be tolerated in other classes of material entering into 
locomotive construction such as main rods, piston rods, and 
crankpins, and should not be tolerated in rivets until definite 
proof is advanced that the condition is not a contributing factor 
to boiler failures. 

Lamination in boiler plates also deserves attention. On etching 
the end and side of a section taken from a cracked boiler the sepa- 
ration was quite noticeable as is shown in Fig. 14. A micrograph of 
a small section showed separation between crystals as shown in Fig. 
15, which could easily bave been taken as a corrosion crack had the 
operator not been informed regarding the history of the piece 
under examination. 

In the course of the investigation, a question was asked con- 
cerning the possibility of taking photomicrographs which would 
tend to accentuate certain conditions in the specimen under exami- 
nation and ignore other factors which would have a bearing on the 
subject had they been revealed. The question was asked because, 
in examining an embrittled specimen, emphasis was laid on 
cracks which encircled crystal boundaries and ignored those 
cutting directly across the grain. Metallographers will no doubt 
admit that it is comparatively simple in some cases to show a 
uniform and nonuniform crystal structure in the same specimen 
within 1/;. in. radius as shown in Figs. 16 and 17. It is equally 
true that in examining embrittled specimens, intercrystalline or 
transcrystalline cracking may be shown at the will of the operator 
provided both types are present. 

Intercrystalline cracking has been advanced as being char- 
acteristic of caustic embrittlement, but during the course of this 
investigation, a car journal which failed in service was examined 
for possible defects, and cracks were located which plainly fol- 
lowed the grain boundaries as indicated in Fig. 18. 

The theory has been advanced that cracking in boilers is 
caused by the concentration of sodium hydroxide in seams and 
riveted areas where the sulphate-alkalinity ratio recommended 
by the A.S.M.E. has not been followed, that the cracking is in- 
tererystalline in character, and that no embrittlement has been 
experienced with waters conforming to the A.S.M.E. ratios. On 
considering the evidence which was accumulated as a result of 
this investigation on boiler steel under tension in contact with 
concentrated sodium hydroxide, this theory apparently has been 
strengthened if intercrystalline cracking is to be accepted as the 
one outstanding characteristic of caustic embrittlement. In 
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Fic. 19 Borer Piare Conrainrnc Cracks IDENTICAL WITH 
Tuosp Founp IN THE EXPERIMENTAL BorLer BUT SHOwInG No 
INTERCRYSTALLINE CRACKING 


Fie. 20 PHoTomicroGRApPH oF BoILER PLATE CONTAINING CRACKS 
IpentTicaAL WitH THosr FounpD IN THE EXPERIMENTAL BOILER 
BuT SHowina No INTERCRYSTALLINE CRACKING 


so far as the actual cracking of boiler plate is concerned, con- 
siderable doubt exists that a casual examination can return 
definite information regarding the type of cracking. Sections of 
plate, Figs. 19, 20, and 21, containing cracks identical with those 
found in the experimental boiler showed no evidence of inter- 
crystalline cracking. Other sections which outwardly showed the 
same type of cracking and which were known to have been in 
contact with concentrated caustic revealed both intercrystalline 
and transcrystalline cracks. 

Acceptance of the theory depends in part upon the emphasis 
which has been placed on the presence of intercrystalline cracking 
and which ignores the preponderance of transcrystalline cracks 
in the same specimen under examination. It is much more diffi- 
cult to locate an intercrystalline than a transcrystalline crack, 
which fact introduces a doubt that its presence is actually as 


Fig. 21 Cracks IN THE FIREBOX SHEET OF A BorLpR IDENTICAL 
Wits Cracks Founp IN THE EXPERIMENTAL BOILER BUT SHOWING 
No INTERCRYSTALLINE CRACKING 


important as has been stressed with relation to cracking of 
boilers. Many examples of cracking of boiler plate have been 
found and these cracks were in many instances intercrystalline, 
apparently indicating caustic embrittlement, although the boiler 
water conformed to the A.S.M.E. sulphate-alkalinity code. This 
fact either makes difficult the acceptance of intercrystalline crack- 
ing as being characteristic of caustic embrittlement or it creates 
doubt concerning the A.S.M.E. recommended code for sulphate- 
alkalinity ratio. 


3—CONCLUSIONS 


1 Tests with an experimental boiler showed that cracking and 
failure can be produced in a boiler by using a concentrated sodium- 
hydroxide solution under pressure with abnormal stress, and that 
both transerystalline and intererystalline cracks are produced. 

2 Excessive riveting pressure causes deformation in the boiler 
plate adjacent to the rivet holes. 

3 Impurities or segregation in the metal may be a contributing 
cause to boiler failure. : 

4 Proper heat-treatment of rivets is necessary to insure the 
most effective crystalline structure. 

5 Intercrystalline cracking can be produced in steel without 
the presence of caustic soda. 

6 Typical appearance of caustic embrittlement in cracks radi- 
ating from rivet holes can result from excessive stress where no 
caustic soda is present. 

7 If the results of this investigation confirm the theory of 
caustic embrittlement, they do so by revealing that extreme 
stress concentration is necessary to induce chemical attack. 

8 Factors other than boiler-water conditions contribute to 
boiler failures, and until such factors are corrected, failures are 
bound to occur regardless of the water used. 
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Estimation of Dissolved Solids in Boiler 
Water by Density Readings 


By J. K. RUMMEL,? SHANGHAI, CHINA, anp J. A. HOLMES,? CHICAGO, ILL. 


This paper gives (@) a description of the instruments 
most generally used in determining the amount of dis- 
solved solids in boiler feedwater, (0) the procedure for 
using these instruments, and (C) the results obtained 


-with the instruments during tests of representative 


, 


samples of boiler feedwater. 


methods using density measurements for the estimation of 


S THE outcome of a desire to determine the accuracy of 


dissolved solids in boiler water and the regulation of boiler 
blowdown, the chairman of this subcommittee! requested the 


authors to do the work incidental to making a comparison of and 


prepare a report covering the use of instruments commonly used 
for estimating the amount of dissolved solids in boiler water. 

It is a well-known fact that the boiler waters will vary in com- 
position over a considerable range and that the individual dis- 
solved solids in such waters are different in density. Thus, in 
the absence of any data to the contrary, one might assume that 
regardless of the accuracy of the density determination, it would 
not be feasible to construct a standard curve, relating density 
and the concentration of dissolved solids, which would be of prac- 
tical value. However, after a study of the available data, it is 
concluded that standard curves of this kind can be used success- 
fully in the practical control of boiler-water-dissolved solids. 

To illustrate the variations in density which may occur, curves 


for density and concentration have been drawn, Fig. 1, which 


include the most common and predominant soluble materials 
in boilér waters. It will be noted that the curve for sodium sul- 
phate lies nearly midway between those for sodium chloride and 


- sodium hydroxide and the curve for sodium carbonate approaches 


that of sodium sulphate. Since sodium sulphate is usually a con- 


1 Report of Subcommittee No. 8 on Water Analysis, of the Joint 
Research Committee on Boiler Feedwater Studies. This committee 
is the Joint Research Committee of the American Boiler Manu- 
facturers Association, American Railway Engineering Association, 
American Water Works Association, Edison Electric Institute, the 
American Society for Testing Materials, and THe AMERICAN Society 
or MsrcHANICAL ENGINEDRS, to study methods of analysis and 
treatment of boiler feedwater for stationary and railroad practice. 

2 Chief Chemist, Shanghai Power Co., Shanghai, China. Mr. 
Rummel was graduated from Pennsylvania State College in 1915, 
and then entered the research department of the Celluloid Company. 
Later he was associated for ten years with the Babcock & Wilcox 
Company, specializing in the chemistry of feedwater. 

3 Director of Service, National Aluminate Corp., Chicago, Ill. 
Mem. A.S.M.E. Mr. Holmes was graduated from the University 
of Kansas in 1922 with the degree of B.S. in chemical engineering. 
He spent two years with the Rock Island Railway as water-service 
engineer and since 1924 has been connected with his present concern, 
where his duties cover the supervision of the technical use of the 
company’s products, mainly in conjunction with water treatment, 
especially for power plants, railroads, and city filtration. 

Presented at the Annual Meeting of TH AMBRICAN SOCIETY 
or MECHANICAL ENGINEERS, held in New York, N. Y., December 
2 to 6, 1935. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until June 10, 1936, for publication at a later date. Dis- 
cussion received after this date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


siderable part of the total soluble material, and the average densi- 
ties of the other dissolved materials approach that of sodium sul- 
phate, it seems probable that this curve can be used as a general 
standard or starting point for calibration of density instruments. 
There are, of course, certain exceptions, as when a large amount of 
organic matter is present or the sodium-chloride content is ab- 
normally high. If, in these cases, more accurate results are re- 
quired, the composition of the boiler water should be studied and 
assuming that its percentage composition remains reasonably con- 
stant, a special calibration can be made. 


INSTRUMENTS USED 


In this study of the usefulness of the various instruments for 
estimating dissolved solids in boiler water from density readings, 
it was decided that no attempt would be made to secure every 
available instrument, but to secure only those most generally used. 


NO 


_y @ 


o fF 1 Oo 


Concentration, Per Cent 


iy) 


1.02 1.04 1.06 1.08 
Specific Gravity at 20 DegC 


1.10 1.12 


Fig. 1 ConcentTRATION-Density Curves or THE Most ComMMON 
SoLtuBLE MaTsrRIALs Founp In BorLeR WATER 


These instruments are illustrated in Fig. 2 and designated by 
the numbers 1, 2, 3, 4, 5,6, and 7. Brief descriptions follow: 

No. 1 is a small floating bulb, shaped like a small balloon and is 
supplied with a special thermometer graduated in grains per gal- 
lon from 0 to 505. The smallest graduation equals 5 grains per 
gal. The bulb may be used either in a hydrometer jar or a 
beaker. As little as 100 ec of sample may be used, but larger 
samples are preferred. In the absence of the special thermome- 
ter, an ordinary thermometer may be used, in which case each 
degree F represents approximately 14 grains per gal. 

The balance of the instruments are hydrometers. 

No. 2 is the largest of the group and has a stem graduated in 
units of 10 grains per gal, with a range of 0 to 500 grains. It is 
read at a constant temperature of 90 F, no temperature correc- 
tions being provided. It has an enclosed thermometer. 

No. 3 is the next largest in size. The stem is graduated in spe- 
cific-gravity units from 0.9980 to 1.0080, the smallest graduation 
being equal to 0.0002, or in terms of solids, 6.8 grains per gal when 
read at 60 F. Anexternal thermometer must be supplied. Tem- 
perature corrections from 60 to 100 F are provided. 

No. 4 has a long narrow bulb and the stem is graduated in de- 
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Fie. 2 


grees Baumé, from 0 to 1.5, the smallest graduation being equal to 
0.1 deg Baumé, or 45 grains per gal of sodium sulphate when read 
at 80 F. It has an enclosed thermometer, graduated in terms of 
Baumé corrections, the smallest division being 0.1 deg Baumé. 

No. 5, one of the smaller hydrometers and used inside of an en- 
closed cylinder, is shaped like that used for testing batteries, but 
fitted with metal ends. A metal stopcock is attached to the 
bottom end and a large rubber bulb is attached to the top. The 
cylinder has an inside diameter of 1!/. in. The hydrometer is 
graduated in single arbitrary units from 15 to 100, with numerals 
at each fifth unit. Each unit is equal to 12 to 18 grains per gal. 
A separate thermometer graduated in units corresponding to 
those on the hydrometer is provided inside the cylinder. The 
sum of the temperature and hydrometer readings is referred to 
a chart containing calibrations for 12 different ratios of salts, 
which are given in grains per gallon. The sodium-sulphate cali- 
bration only was used. 

No. 6 is constructed along the same lines as No. 5, but the eyl- 
inder is equipped with rubber connections at the ends, like those 
for a battery tester. Also, the inside diameter of the cylinder is 
only 1 in. The hydrometer stem is graduated in single arbitrary 
units from 0 to 50, with numerals at each fifth division. Each 
unit is equal to 20 grains per gal. An enclosed thermometer is 
provided in the hydrometer which is equipped with both tempera- 


Tue InstruMENts Usep DuRING THE TESTS 


ture and temperature-correction scales. On another part of this 
scale is a table giving the grains-per-gal equivalents for the cor- 
rected hydrometer readings. To compensate for the narrowness 
of the cylinder, some small projections are formed around the 
outside in the top and bottom of the hydrometer bulb. These re- 
duce the area of hydrometer surface in contact with the cylinder. 

No. 7, which was submitted near the end of our tests, is of the 
long narrow type and is used in a conventional, but somewhat 
narrow cylinder of 1!/. in. inside diameter. Its stem is graduated 


TABLE 1 SIZES OF INSTRUMENTS 
Length 
: Smallest —Diameter— Each graduation 
Overall, Stem, Bulb, gradua- Stem, Bulb, represents 
No. in, in. in. tion, mm in, in. gpg ppm 
12 11/3 5/s 1/ eet 1/4 1/2 ee Leis 
2 14 5!/2 81 1:75 3/59 1/4 10,0) eke 
= 12 5 wi par 5/39 15/39 6.8 116 
4 12 4 8 2738 3/16 7/3 45.0 770 
5 in! 41/ 6l/ 1.00 5/39 18/16 12-13 205 
6 101/2 31/5 7 1.20 3/16 13/16 20.0 342 
fl 127/3 5 Ti/s 2.50 3/39 3/4 38-53 651 


@ Since this instrument with its small floating bulb depended on tem- 
perature for accuracy, the size of the graduations on the thermometer 
regulated the number of grains per gallon or parts per million per graduation. 
Therefore, for instrument no. 1, no values are given in columns 5, 8, and 9. 
With this instrument, however, 1 deg F represents approximately 14 grains 
per gal or 240 parts per million. The instrument used had an accompanying 
thermometer graduated to read grains per gallon directly. Each graduation 
represented 5 grains per gal. 

gpg = grains per gallon; ppm = parts per million. 
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TABLE 2 COMBINED AVERAGE RESULTS OF TESTS 


Gravimetric ——Average results for individual instruments—— -——Partial analyses, parts per million—— 
Sample Reported rains per 5 grains per gal Dissolved 
no. by gal 1 2 3 4 5 6 fe NaOH NasCO; Na2SO.1 NaCl © solids 
i R 100 95 100 96 66 105 80 121 
Sodium-sulphate 2 R 200 200 195 229 200 180 233 221 
solution 3 H 217 225 220 224 225 200 200 oe 
4 R 300 315 300 354 249 318 310 309 
5 R 400 420 405 442 405 448 388, 428 
6 R 18 20 x 27 x x x x 36 122 5 8 307 
4 H 23 35 31 35 31 48 14 ere 0 17 274 41 566 
thes oH 37 46 31 50 58 Sie 3 pan 0 0 2236 41 634 
9 R 51 55 ogee 41 Ais 64 25 57 218 101 202 89 » 886 
10 R 58 hava 50 68 35 67 30 53 oe 132 305 189 996 
11 R 62 70 55 75 40 69 40 121 124 42 741 643 1080 
12 R 66 70 62 63 68 64 45 62 186 159 443 155 1135 
13 H 68 74 65 70 31 64 74 nen 118 120 583 271 1165 
14 R 73 75 60 82 34 92 98 58 292 148 323 139 1260 
15 R 74 75 70 81 45 75 46 84 168 42 881 73 1274 
16 R 75 75 70 75 45 112 47 88 52 ia 687 352 1284 
; uyé H 90 90 85 82 76 86 51 niet 183 236 703 154 1543 
Boiler waters i 18 H 102 102 98 104 67 110 78 ait 206 105 1063 188 1748 
19 R 148 158 150 160 112 169 140 174 674 588 567 142 2540 
20¢ R 191 126 160 187 146 183 120 149 or 95 16876 567 3262 
2id R 205 205 220 218 194 201 215 217 429 171 2211 617 3428 
22 H 215 220 212 229 180 236 196 eas 386 65 2673 123 3685 
23 R 221 205 205 228 168 211 180 226 364 477 1510 1060 3788 
24 H 252 251 241 256 243 261 236 nice 488 178 2417 932 4319 
25d R 300 305 310 299 293 334 290 nae 643 257 3317 925 5142 
26 R 320 313 303 324 286 331 298 314 914 353 3051 597 5493 
27 H 334 337 315 342 310 345 SG Rees 319 206 3874 925 5725 
28 R 340 340 335 324 315 352 307 342 1131 699 3102 274 5821 
29d H 371 375 363 371 337 378 337 Sees 1152 578 3137 1220 6359 
30 R 400 460 415 462 428 410 410 857 343 4422 1234 6856 
It 31 H 463 470 446 465 441 467 425 1897 872 3496 288 7936 


R = J. K. Rummel.? 
thetic sample. 


H = J. A. Holmes. X = No reading possible. 


in arbitrary units of from 0 to 30, each unit being equal to 38 to 
53 grains per gal, depending on the temperature of the sample. 
It contains an enclosed thermometer, with a temperature scale 
reading from 20 to 220 F. A series of curves is supplied, whereby 
the hydrometer and the temperature readings are interpreted in 
terms of grains per gallon. 

More detailed information of the sizes of these instruments is 
given in Table 1. 


PROCEDURE OF TESTING 


In determining the practical usefulness of these instruments, 
each was used to measure the dissolved solids in a number of 
boiler-water samples from various parts of this country and of so- 
dium-sulphate solutions. 

Each sample of water used for this investigation was allowed to 
settle or was filtered to remove suspended matter, after which a 
measured portion was evaporated to dryness and baked for 1 hour 
at 180 C to determine accurately the dissolved solids. The re- 
mainder of the sample was used to measure dissolved solids by 
density readings in accordance with the directions given for the 
several instruments already described. 

In all cases the instrument was cleaned thoroughly after each 
test. It was rinsed with distilled water and dried by wiping with 
a clean cloth. While running the test, care was taken to remove 
air bubbles adhering to the instrument, since these affect the 
readings. This is especially true in the case of the small floating 
bulb. 

In making hydrometer tests, which required heating the sample 
above room temperature, the sample was mixed well just prior to 
allowing the hydrometer to come to rest for the reading. In this 
connection, a stirring rod with a loop at the bottom, turned at 
right angles to the rod, has been useful in mixing the water in open 
cylinders. > 

The small floating bulb operates on the principle that as the 
sample is cooled the water increases in density. The bulb is bal- 
anced to sink in samples containing not over 500 grains per gal of 
dissolved solids when heated to approximately 140 F and it will 
rise to the surface when the sample is cooled to some lower tem- 
perature. Based on this temperature at which the bulb rises and 
on actual dissolved-solids content of samples, a curve giving the 


@ Raw water sample. ®& Equivalent Na:SOu. 


content of solids at any temperature between 100 and 140 F has 
been constructed. In this case the thermometer has been cali- 
brated to read directly in grains per gallon. Because of its small 
size, small samples may be used, but in this work a large sample of 
approximately 400 cc was used. A beaker or a hydrometer cylin- 
der was used to hold the sample, the manufacturer preferring the 
beaker. The sample was stirred occasionally with the thermome- 
ter and then allowed to become quiescent when the bulb showed a 
tendency to rise. All possible motion of the water was stopped at 
the time the bulb was rising. Motion occasioned by cooling of 
the water cannot be avoided, but to avoid errors from this cause, 
the use of larger containers for the samples has been recom- 
mended. 

For hydrometers which may be read over a range of tempera- 
tures, readings were usually made at several temperatures and 
in all cases two or more readings were taken. 

With hydrometers, the only tests made above 100 F were with 
the No. 7 instrument, in which case the sample was heated to 170 
¥ and readings were taken while it cooled to approximately 120 
¥. It was found that the temperature dropped at a rapid rate at 
the start, making it difficult to obtain accurate readings. In 
general, this procedure requires considerably more practice than 
there has been an opportunity for in these tests. 

Some readings have been taken with certain of the hydrome- 
ters and samples at various temperatures, but no real effort has 
been made to check the accuracy of temperature corrections. 

Since in all cases the manufacturers furnished calibration 
charts or a method of calculating the grains per gallon of dis- 
solved solids, no calibration of instruments was attempted. In 
most cases the results agreed, at least reasonably well, with the 
sodium-sulphate curve. 


EXPERIMENTAL Data 


The combined average results are given in Table 2. These 
include the data for 100, 200, 300, and 400 grains per gallon of 
sodium sulphate, a raw water with 37 grains per gallon dissolved 
solids, and 29 samples of boiler water with concentrations of from 
18 to 463 grains per gallon. Some of the individual readings by 
the separate investigators are shown in Tables 3 and 4. 

As a matter of further interest Fig. 3 shows some curves of 
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TABLE 3 TEST DATA COMPILED BY J. A. HOLMES 


Solution and gravimetric Grains per gal if iealvagars Sa aes 
1 2 


£pe 
Sodium sulphate, 217 gpg 225 220 224 225 200 200 
i 7 35 25 41 cere 48 40 
Boiler water, 33 gpg aC aa ae oe me 10 
37 30 34 aiai's 0 
40 30 27 a 
Average "35 28 #36 31 48 14 
46 30 54 SHG 0 
Raw water, 37 gpg an Bt ea ee No 10 
: 47 30 47 test i) 
50 Se 47 ayes es 
Average 46 31 50 58 3 
i r 75 65 75 sae 64 60 
Boiler water, 68 gpg oe be oo ey os 50 
75 Sut 68 Hate ete 60 
Average 74 65 70 31 64 60 
i A 88 88 88 86 24 
Boiler water, 90 gpg = es Be S 70 
90 85 80 mers Acid 60 
Average 90 85 82 76 86 51 
i 7 2 100 100 109 110 70 
Boiler water, 102 gpg mm oe ioe atG oe 
102 100 102 Shere 110 80 
Average 102 98 104 67 110 78 
i 7 215 220 215 232 236 197 
Beneer ty 220 210 231 236 190 
222 210 224 50% 236 200 
Average 220 212 229 180 236 196 
i » 252 254 234 252 261 234 
one cai iy 255 243 262 261 232 
245 245 255 261 240 
pies S53 es apes sees 240 
Average 251 241 256 243 261 236 
Boil ter, 334 340 315 346 349 310 
Sie a 335 315 340 inate 349 320 
337 Fhe 340 arte 337 320 
Average 337 315 342 310 345 317 
Boiler water, 371 gpg 375 365 380 374 340 
ee s 375 365 367 50a 387 340 
375 360 367 saat 374 330 
Average 375 363 371 337 378 378 
Boiler water, 463 gpg 480 440 472 475 420 
465 450 462 463 425 
465 450 462 463 425 
oes sd ier ere igs 430 
Average 470 446 446 441 467 425 


® This instrument read in deg Baumé only. The readings shown repre- 
sent average of readings converted to grains per gallon by using sodium- 
sulphate factor. 5 

gpg = grains per gallon. 

Norn: Averages given correctly to nearest whole number. 


grains per gallon and temperature, for the small floating bulb, 
which were made in the laboratory of the Babcock and Wilcox 
Company some 10 years prior to this investigation. The solu- 
tions tested contained the same kind of materials mentioned in 
Fig. 1. 

It will be noted that the separate investigators did not work 
with duplicate samples or the same samples. Thus, no attempt 
has been made to determine the errors, occasioned by different 
operators and slightly varying methods of procedure. 


CoNCLUSIONS AND RECOMMENDATIONS 


1 Since all of the instruments used give some results that come 
reasonably close to the dissolved solids, as determined gravi- 
metrically, there are insufficient data available to condemn any 
particular instruments. However, it is possible to express cer- 
tain preferences. In this, instruments 1, 2, and 3 have been 
listed in the order of preference. Instrument 6 is probably the 
least reliable, but may be improved by using a larger cylinder. 
Some of the other instruments may give better results after more 
experience on the part of the operators and possibly with some 
better method of calculating the dissolved solids from the read- 
ings. 

2 These density instruments are preferably floated in cylin- 
ders of at least 2 in. diameter, but it is possible to calibrate them 
for a smaller cylinder of, say, not less than 11/2 in. diameter. 

3 Of the hydrometers, those with the greatest displacement 
and smallest diameter of stem seem to be the most reliable. 
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TABLE 4 TEST DATA COMPILED BY J. K. RUMMEL 


Gravimetric 
grains per 
gallon 


Grains per gallon for ie hdc crea 
2 3 


Concentration, Grains per 


Temperature , Deg F 


Fie. 3 CoNcCENTRATION-TEMPERATURE CURVES FrRoM DaTa 
OBTAINED WITH INSTRUMENT No. 1, THE SMALL FLOATING BuLB 


4 ‘The stem is preferably graduated to read directly in terms 
of dissolved solids with divisions for each 5 to 10 grains per gal, or 
each 100 parts per million. 

5 Excluding the floating bulb, the thermometer is preferably 
a part of the hydrometer, with graduations in terms of dissolved 
solids representing the value to be added or subtracted from the 
stem reading. 

6 The calibration of the instrument in terms of dissolved 
solids is preferably based on the density-dissolved-solids curve for 
sodium sulphate, but may be modified to suit some particular 
type of water. 


“ 
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7 The temperature at which the hydrometer is calibrated is 


preferably near that of the room, say 80 F, and the directions for 
operation should specify such a temperature. 
due to making large temperature corrections and rapidly chang- 


Thus, difficulties, 


ing temperatures, can be avoided. If high temperatures are 


used, a number of readings should be taken as the sample cools 


and the operator should be experienced in making rapid, accurate 
readings. Also, it is advisable to mix the sample thoroughly 


-\prior to making readings. 


8 The use of hydrometers in enclosed cylinders, like those for 
instruments 5 and 6, is objected to on account of the difficulty 


of their removal for cleaning. 


9 Allinstruments should be kept in a clean condition, and gas 


; bubbles, in particular, should be removed prior to taking read- 


i 


ings. These bubbles are often present when the sample is heated 


_ to a temperature considerably above that of the room, as in the 


case of the small floating bulb. This instrument is especially 
sensitive to adhering gas bubbles, some of which may be very 
small. 

10 Density instruments of the preferred type and used in 
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accordance with the foregoing recommendations are concluded 
to be sufficiently accurate for control purposes in regulating the 
concentrations of dissolved solids in boiler waters. This is espe- 
cially true for boiler waters containing more than 100 grains per 
gal of dissolved solids, although some may be used to advantage 
for concentrations near 50 grains per gal. 

11 These instruments should not be relied on implicitly, 
particularly where the conditions for accurate readings are not 
favorable. Occasional check determinations by the gravimetric 
method should be made and, if necessary, the instrument calibra- 
tion corrected to suit the type of water at a particular plant. 
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Effect of Solutions on the Endurance ot Low- 
Carbon Steel Under Repeated Torsion 
at 482 F (250C) 


By W. C. SCHROEDER,? NEW BRUNSWICK, N. J., anv E. P. PARTRIDGE, * PITTSBURGH, PA. 


The stresses to which the steel in a boiler is subjected 
-may be divided into (@) static stresses and (b) repeated 
stresses. A great deal of experimental work at boiler- 
water temperatures has been directed toward the deter- 

mination of the effect of solutions on the physical proper- 
ties of the steel as measured by static tests, but repeated- 
stress testing under these conditions has received com- 
paratively little attention. 

In the investigation discussed in this paper, repeated 
torsion testing with a rather slow repetition of the stress 
was used to measure the comparative effect of air, water, 
sodium hydroxide, and other solutions on steel at 482 F. 

Under the conditions investigated it was found that 
water caused failure more rapidly than air, and sodium 
hydroxide caused failure more rapidly than water. 


divided into static stresses and repeated stresses. Both of 
these stresses may play an important part in the type of 
failure called embrittlement failure. The origin of the static 
stresses is inherent in the design of the boiler to withstand the 
steam pressure or structural load. The repeated stresses, how- 
ever, are in the main incidental to the operation of the boiler. A 
wide difference can exist in the rate of repetition of any given 
stress. Heating and cooling the boiler may cause a stress which 
is only repeated at intervals of several hundred hours. Tem- 
perature fluctuations and corresponding pressure variations may 
eause stresses which are repeated at intervals of a few minutes. 
Rapid vibrations, occurring many times a minute, arise from 
surges of water, from the rapid circulation of the water through 
the tubes and drums, or from the operation of related equipment. 
In the case of the locomotive boiler there is a further possibility 
of rapid and severe repetition of stress due to motion of the loco- 
motive as it travels over the rails. 
Laboratory investigations concerned with the effect of solutions 
upon the behavior of steel at boiler temperatures have been re- 


Lew stresses to which the steel in a boiler is subjected may be 


1 Progress Report No. 7, of the Joint Research Committee on 
Boiler Feedwater Studies, published by permission of the Director, 
U. S. Bureau of Mines. This investigation was conducted under a 
cooperative agreement between the Joint Research Committee on 
Boiler Feedwater Studies and the United States Bureau of Mines. 
It was supervised by a subcommittee of which J. H. Walker is chair- 
man, and carried out at the Nonmetallic Minerals Experiment Sta- 
tion of the Bureau of Mines, maintained in cooperation with Rutgers 
University at New Brunswick, N. J. The Joint Research Committee 
on Boiler Feedwater Studies is sponsored jointly by the American 
Boiler Manufacturers’ Association, American Railway Engineering 
Association, American Water Works Association, Edison Electric 
Institute, the American Society for Testing Materials, and THE 
Ammrican Society or MEcHANICAL ENGINEERS, to study methods 
of analysis and treatment of boiler feedwater for stationary and 
railroad practice. 

2 Research Chemical Engineer for the Joint Research Committee 
on Boiler Feedwater Studies, attached to Nonmetallic Minerals 
Experiment Station, U. S. Bureau of Mines, Rutgers University, 
New Brunswick, N. J. Mr. Schroeder received the degree of Ph.D. 
from the University of Michigan in 1933 and since that time has 


Sodium chloride and sodium sulphate in water solution 
had no different effect from that of wateralone. Sodium 
carbonate and tri-sodium phosphate in water hadabout the 
same effect as sodium hydroxide. The addition of sodium 
carbonate in solution, or sodium sulphate as excess solid 
to the sodium hydroxide did not prevent the action of 
the sodium hydroxide in these repeated torsion tests. 

It was found that by the addition of either sodium or 
potassium chromate, or sodium nitrate to the sodium- 
hydroxide solutions, the action of the sodium hydroxide 
could be prevented and the endurance of the specimen 
under the test conditions could be brought up to a value 
at least as high as that for water alone. 

The endurance of the specimens does not appear to 
have been directly related to surface corrosion or pitting, 


stricted in general to static tests. The results secured have been 
of value but there has been reason to believe that tests carried 
out under the same conditions of temperature and solution com- 
position with repeated stress would yield still more significant 
information. 

Some interesting results from a series of tests conducted at 
482 F (250 ©) on steel subjected to repeated stress in torsion 
while in contact with various solutions are described in this paper. 
Although this work is only in its early stages, three important 
conclusions seem justified: 

1 Contact with pure water or with solutions of such salts as 
sodium chloride, sodium carbonate, and sodium sulphate, as well 
as sodium hydroxide, very markedly lowered the endurance of 
the specimen under repeated torsion as compared with its endur- 
ance under the same conditions in contact with air. 

2, The reduction in the endurance of the specimens caused by 
contact with water or aqueous solutions in the absence of oxygen 
was apparently not due to localized corrosion or pitting of the 
steel surface. 


conducted investigations on scale formation, analytical methods, 
high-temperature solubility, and the effect of solutions on steel. 

3 Chemical Engineer, Hall Laboratories, Inc., Pittsburgh, Pa. 
Mr. Partridge received his Ph.D. from the University of Michigan 
in 1928, and until he was appointed to his present position was 
supervising engineer, Nonmetallic Minerals Experiment Station, 
U. S. Bureau of Mines, Rutgers University, New Brunswick, N. J. 
He has investigated formation and properties of boiler scale, solu- 
bility equilibria in boiler waters, recovery of potassium salts from 
various minerals, and the effect of combined stress and chemical 
attack upon boiler steel. 

Contributed by the Joint Research Committee on Boiler Feedwater 
Studies and presented at the Annual Meeting of TH AMERICAN 
Society or MmcHanicaL Enarneers, held in New York, N. Y., 
December 2 to 6, 1935. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until June 10, 1936, for publication at a later date. Dis- 
cussion received after this date will be returned. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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3 The effect of sodium hydroxide in reducing the endurance 
of the steel can largely be prevented with sodium chromate or 
sodium nitrate. 

The experimental work will be described in the order of (1) the 
design of the equipment, (2) the properties of the steel which was 
used, (3) the tests with various solutions, and (4) the type of 
failure produced. 


Design oF EQUIPMENT 


One of the chief characteristics of embrittlement cracking in 
boilers has been the lack of elongation of the metal near the point 


TABLE 1 REDUCTION OF ENDURANCE OF BOILER STEEL 
IN REPEATED TORSION TEST AT 250 C WHEN IN CONTACT 
WITH WATER AND CONCENTRATED SODIUM-HYDROXIDE 


SOLUTION 
Medium Time in medium, hr Number of twists to failure 
Air 12 23 
Air 13 25 
Water 10 17 
Water 10 20 
NaOH? is 10 
NaOH? 6 12 


of failure. In laboratory tension tests, 
a marked reduction in elongation has 
also been evident when the specimen 
was broken in contact with a sodium- 
hydroxide solution at high temperature 
as compared with the elongation when 
the specimen was in contact with air or 
water. Since elongation is a demonstra- 
tion of ductility, these results suggested 
the use of a method which would meas- 
ure the ductility of steel under repeated 
stress while in contact witb solutions of 
various compositions. 

To subject a steel specimen to a re- 
producible repeated stress, while in con- 
tact with solutions at an elevated tem- 
perature and pressure, involves several 
problems. After consideration of the 
experimental difficulties inherent in 
various types of stress application, re- 
peated torsion was chosen as the most 
feasible. It should be emphasized here 
that while a torsion test superficially 
has little resemblance to the stress con- 
ditions in a riveted boiler seam, what 
actually appears to be most significant 
in causing embrittlement cracking is not the average stress on an 
entire cross section of metal but rather the local stresses within 
individual grains or between adjoining grains. The use of torsion 
provides a simple means of producing local stresses, which, be- 
cause of the highly heterogeneous structure of steel, can scarcely 
be distinguished from the local stresses caused by the application 
of a tensile pull or a bending moment to the aggregate of many 
individual grains. 

For preliminary tests, two small bombs equipped with pack- 
ing glands were built so that a specimen 0.25 in. in diameter and 
1.5 in. long could be twisted back and forth by hand until failure 
occurred. ‘Tests were carried out at 482 F (250 C) on steel speci- 
mens in contact with air, water, and a solution containing 50 g 
of sodium hydroxide per 100 g of water, each specimen being 
twisted through 40 deg in each direction from the starting posi- 
tion at half-hour intervals. The results of six tests carried out 
in this manner are shown in Table 1. The effect of the sodium 
hydroxide was to reduce the number of twists to failure by about 


PACKING 


PIN 


Fie. 1 Boms Used For 
REPEATED TORSION 
TESTING 
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50 per cent, while water alone seemed also to have a definite 
though small effect. 

On the basis of these results equipment was built for carrying 
out torsion tests mechanically through a range of angles varying 


Fie. 2 


THERMOSTAT FOR REPEATED TORSION TESTS 


downward from 25 deg on each side of the zero point. The bomb 
used for holding the specimen and the solution is shown in Fig. 1. 
The test piece, having a reduced section 0.25 in. in diameter and 
1.5 in. long between radii, prepared on the lathe by preliminary 
machining and a careful fine grinding, was forced into the hole in 
the exact center of the nut in the bottom of the bomb and pinned 
in place. The upper end was pinned in the holder attached to 
the rod passing through the packing gland. By means of a gear 
attached to the upper end of this rod the specimen was twisted 
back and forth through any desired angle. 

Five bombs were mounted in the heavy rack inside the thermo- 
stat shown in Fig. 2. A gear wheel was then fastened to the 
shaft projecting upward from each bomb and a spring was 
mounted in place to maintain a constant low tension on the test 
piece. The gear wheels were driven by worm gears on a counter- 
shaft, the direction of rotation being changed by reversing the 
driving motor. The reversing switch, shown in Fig. 2 between 
the first and second bombs, controlled the point of reversal 
within 0.1 deg. 

The primary function of the spring mounted on each bomb was 
to disengage the gear from the worm after the specimen was 
broken, thus stopping the counter which was attached to each 
bomb. This spring also made it possible to keep the same ten- 
sion on the specimen whether the bomb was under steam pressure 
from the solution or whether it simply contained air. The spring 
load was adjusted according to the calculated steam pressure to 
give a total load of 300 lb, which was equivalent to a tensile pull 
of about 6000 Ib per sq in. on the specimen. 

The temperature of the thermostat was controlled by a record- 
ing potentiometer and one of the bombs was equipped with a 
thermocouple inserted opposite the base of the test specimen to 
check the temperature within the bomb. 

One point requires further emphasis. It will be noticed from 
Fig. 1 that the bomb was equipped with a packing gland which 
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exerted considerable friction on the rod twisting the specimen. 
Since, however, the force required to turn the specimen was not 
measured, but rather the specimen was twisted through a definite 
arc at a constant rate, this friction introduced no uncertainty. 
It is necessary, however, in this method of experimentation, to 
refer results not to a stress applied to the test piece, but to 
strain produced in the test piece. 

The actual distortion which the specimens suffered during the 
torsion testing, even at the lowest angle of 3.6 deg, was much 
greater than steel usually endures in practice. It was absolutely 


_ necessary to use either a large distortion or a very rapid period 


for reversal of the stress in order to secure a test period which was 
of a reasonable length of time. The tests reported in this paper 
have all been carried out with a distortion angle of 3.6 deg or 


greater and a rather slow cycle period, but it is also planned to 


carry out further tests with a small distortion angle and a rapid 


reversal of the stress. 


PROPERTIES OF THE Low-CaRBON STEEL 


The steel used in the investigation was prepared by the Car- 


negie Steel Company in the form of a plate, 1 in. thick, 60 in. long, 


and 48 in. wide. Its physical and chemical properties are shown 
in Table 2. The torsion-test specimens were sawed from the 
plate in the form of square bars and were then machined to the 
desired size. Since the maximum diameter of the finished speci- 


_men was 3/s in. and the plate was 1 in. thick, two test specimens 


were secured from each thickness of the plate. 

The properties of the steel in torsion from room temperature to 
325 C are shown in Fig. 3. The data indicate that the ultimate 
torsional strength decreases, reaching a minimum around 200 C. 
The angle of strain at the time of yielding increases to 200 deg and 
then falls sharply. The load at the yield point reaches a maxi- 
mum near 200 C. All the values shown in Table 2 were deter- 
mined on specimens with a reduced section */s in. in diameter x< 
11/, in. long, since these dimensions gave load values and distor- 
tion angles which were best suited to the torsion-testing equip- 
ment. 

The dashed lines shown in Fig. 3 do not indicate the actual 
course of the change for the various values but simply serve to in- 
dicate the position of one set of points with respect to another. 
Results secured for physical properties in torsion are likely to be 
influenced sharply by temperature and it would be necessary to 
secure additional points at other temperatures to determine fully 
the course of the curve. 

The equipment used for carrying out these tests applied the 
load to the specimen by the successive addition of weights. After 
each increase in load, the angle of deflection was measured to the 
nearest 0.2 deg. The rate of loading was kept as constant as 
possible, and: the total time to failure was about 15 min. The 
friction in the pulley, cable and weight system was measured and 
was found to be insufficient to produce a measurable effect in the 
results. The specimens were immersed in a hand-controlled 
electrically heated oil bath for the high-temperature tests. 

The concentration of stress in the specimens where the radius 
from the heavy end section joined the reduced section caused some 
difficulty with failure in this region. This fact may account for 
some of the variation in the ultimate strength shown in Fig. 3 but 
it did not produce a marked effect on the other properties, which 
are of the most importance in the present work. 

At 250 C the yield point is found to occur at approximately 1.2 
deg for the */;-in. specimens. Since the torsion test really repre- 
sents shear it is possible to calculate with reasonable accuracy the 
yield point for the '/s-in. specimens from this value. The speci- 
mens have the same length of reduced section so that the yield 
angle is inversely proportional to the radius. For the !/,in. 
specimen the yield angle is then approximately 1.8 deg. In the 
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TABLE 2 TENSILE PROPERTIES OF THE LOW-CARBON STEEL 
AT ROOM TEMPERATURE 


: Yield Tensile Reduction 

Specimen strength, strength, Elongation, of area, 

no. per sq in. lb per sq in. per cent per cent 

25A 27780 57190 40.2 Bc 

25B 28036 57600 39.5 62.1 

31A 29090 58080 40.0 ae 

31B 27027 57930 41.2 62.7 

835A 26710 58220 41.8 a 

35B 27027 56710 41.0 64.0 
Norz: A ladle analysis of the low-carbon steel showed 0.17 per cent LoA 


0.47 per cent Mn, 0.021 per cent P, and 0.039 per cent S. 
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Fig. 3. Errsecrt or TEMPHRATURE ON THH TORSIONAL PROPERTIES 
or Low-CarBon Stunt Spucimens Taken From PLATE No. 38 


tests run in the torsion bombs, the angles used were above the 
yield angle. 


Tasts Wirx Arr, WATER, AND Soprum HypROXxiDE 


In considering the experimental results from the repeated tor- 
sion tests described in this report, it should be remembered that 
the object was not to obtain complete stress-cycle, or rather 
strain-cycle, curves to define the endurance limit of the steel, but 
instead to compare the effect of solution composition on the en- 
durance of the steel as measured by the number of cycles to 
failure. 

A series of repeated torsion tests, run respectively with air, 
water, and a concentrated solution of sodium hydroxide in the 
bombs, has produced the results plotted in Fig. 4 on a logarithmic 
scale. All the curves, as might be expected, show a rapid in- 
crease in the number of cycles to failure with decrease in the angle 
through which the specimens were twisted. It is apparent from 
the results that, for any given strain, as measured by the angle 
of twist, both the water and sodium-hydroxide solution caused a 
sharp decrease in the number of cycles to failure as compared to 
air. This is more obvious in Fig. 5 where the number of cyles to 
failure at two different angles is plotted on an arithmetical scale 
for air, water, and sodium hydroxide. In general the difference 
between water and air is somewhat greater than the difference 
between sodium hydroxide and water. 

The concentrated sodium-hydroxide solution decreases the 
number of cycles to failure to about one fifth of the value for air 
alone. As in all fatigue testing, there is some scattering of the 
data but the differences between the effect of air, water, and so- 
dium hydroxide are sufficiently great so that the results may be 
distinguished readily. 

The effect of water may appear surprising until the reac- 
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tions which are involved are considered. In all cases, as dis- 
cussed in a previous paper,‘ the actual reaction is between the 
iron and water to form iron oxide and hydrogen. Ordinarily, in 
the absence of oxygen, the iron oxide resulting from the reaction 
very quickly forms a protective coating over the surface of the 
steel which is almost impenetrable to the water and the reaction 


4 “A Critical Summary of Published Information Relating to the 
Embrittlement of Boiler Steel,’ by E. P. Partridge and W. C. 
Schroeder, Metals and Alloys, vol. 6, 1935, June, pp. 145-149; July, 
pp. 187-191; September, pp. 253-258; November, pp. 311-316; 
December, pp. 355-359. 
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is practically stopped. If, however, as in the present case, a re- 
peated mechanical strain constantly tends to disrupt this coating, 
the reaction between the water and the steel can continue, result- 
ing in both chemical attack by the water (corrosion) and the ef- 
fect of the released hydrogen in rendering the steel less ductile. 
In the reaction between steel and water, sodium hydroxide plays 
the réle of increasing the solubility of iron oxide in the solution, 
thereby tending to destroy the protective oxide coating. It 
would be expected, then, under the conditions existing during the 
repeated-torsion tests, that water would have somewhat the same 
effect as the sodium-hydroxide solutions and that the difference 
would be one of degree rather than character. This is exactly 
the result obtained. 

The effect of varying the concentration of sodium hydroxide on 
the number of cycles to failure is shown in Fig. 6. As the con- 
centration of sodium hydroxide is increased there is a steady de- 
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Fie. 6 Errsct oF THE CONCENTRATION OF SoDIUM HyDROXIDE ON 
THE NUMBER OF CYCLES TO FAILURE AT AN ANGLE OF +7.2 Dre 


crease in the number of cycles to failure until at 100 g per 100 ¢ 
of water the value has decreased to about one third that required 
to cause failure in water alone. 

The sodium-hydroxide solutions used in the tests reported in 
this paper were prepared by diluting a stock solution of Baker’s 
ep sodium hydroxide which was stored in a paraffined bottle. 
This stock solution was kept saturated at room temperature in 
order to settle out, as far as possible, sodium carbonate or other 
impurities which might be present. 

The results which have just been shown are in good agreement 
with those obtained by Holzhauer® in testing a cylindrical speci- 
men subjected to tensile stress alternating between a minimum 
and maximum value 280 times a minute. The minimum stress 
was usually 7400 lb per sq in. and the specimens were notched. 
The equipment has been described more completely in a previous 
progress report.* Some of the results obtained with this repeated 
tensile test are shown in Fig. 7. It is seen that water had a very 
definite effect in lowering the endurance limit as compared with 
air, and that a concentrated sodium-hydroxide solution decreased 
it still further. More particularly, it should be noted that for a 
maximum stress higher than the endurance limit in air, the steel 


reported in this paper. 
_ difference between air and water but in view of the marked differ- 
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-would withstand a definitely smaller number of cycles in water 
than in air, and a still smaller number in a concentrated solution 
_of sodium hydroxide. 

 Holzhauer® shows a protective effect due to dilute sodium- 
hydroxide solutions which was not obtained in the torsion tests 
The torsion tests also show a greater 


ence in experimental procedure the qualitative agreement is 
quite satisfactory. 
The relative intensity of attack by water and by a concentrated 


solution of sodium hydroxide on steel during the torsion tests is 
illustrated in Fig. 8, which shows the surfaces of two specimens 


each twisted for approximately 33,000 cycles at an angle of 3.6 


the rough surface was in contact with a solution containing 50 g 
of sodium hydroxide per 100 g of water, while the other was in 
water alone. Although the test was stopped before failure, a 


| 
: 
| 
- deg and at a temperature of 482 F (250 C). The specimen with 
| 


number of large cracks had appeared on the specimen in sodium 


hydroxide, whereas the one in water was not cracked at all, in 
fact, was apparently in about the same condition as when it was 


_ placed in the bomb. Whether the strain equivalent to the small 


angle of 3.6 deg, which is 1.8 deg above the yield point, would have 


caused the specimen in water to develop cracks in a reasonable 


time, or whether this value was too close to the endurance limit 
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for the steel in contact with water cannot be stated until more 
extended tests have been completed. 

Effect of Sodium Carbonate, Tri-Sodium Phosphate, Sodium 
Chloride, and Sodium Sulphate. The effect of sodium carbonate, 
tri-sodium phosphate, sodium chloride, and sodium sulphate, all 
in solution are compared in Fig. 9 with the results produced by 
water and sodium bydroxide. Points in the area for water indi- 
eate that the concentration of added salt shown by the ordinate 
does not cause any different effect from water alone; points near 
the sodium-hydroxide curve or in the region for failure in sodium 
hydroxide indicate that the weight concentration of the salt 
which was added has almost the same effect as an equal weight 
concentration of sodium hydroxide. 

The solutions of’ sodium carbonate and tri-sodium phosphate 
with the exception of one case out of nine, were as effective as so- 
dium hydroxide in decreasing the number of cycles to failure. 


5 “Ermiidungsfestigkeit von Kesselbaustoffen und ihre Beein- 


flussung durch chemische Hinwirkungen”’ (‘Endurance Limit of 


Boiler Steel and the Effect Upon It of Chemical Attack”), by C. 
Holzhauer, Mitteilungen der Materialprifungsansialt, Technischen 
Hochschule Darmstadt, no. 3, 1933, V.D.I. Verlag, Berlin, Germany. 
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The solutions of both of these salts were approximately saturated 
at the test temperature. 

The solution of sodium chloride did not seem to exert any ap- 
preciable effect, the number of cycles to cause failure falling 
within the same range as for water alone. A solution containing 
10 g of sodium sulphate per 100 g of water similarly did not pro- 
duce any different effect from water. 
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Many engineers acquainted with the work of McAdam on cor- 
rosion fatigue may be inclined to attribute the effect of water and 
aqueous solutions in the repeated-torsion tests to the mechanism 
he has described, which may be summarized as follows: (1) Cylic 
stress accelerates the chemical attack of the water upon the metal, 
producing pits which are sharper and deeper than those resulting 
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from corrosion in the absence of stress. (2) The stress upon the 
sound metal at the base of a pit is continuously increased as the 
pit develops, and this increasing stress correspondingly increases 
the rate of attack. (3) Ultimately the metal is so weakened by 
the corrosion process that cracking by ordinary fatigue is induced 
and continues to failure. 

“ This process of stress corrosion and corrosion fatigue was, how- 
ever, observed by McAdam during experiments in which steel was 
subjected to cyclic stress at room temperature and in free con- 
tact with air, conditions which led him to discount the possibility 
of any embrittlement of the steel by hydrogen resulting from the 
corrosion process. Under the decidedly different conditions of 


Fic. 10 Errect or a Souurion or 100 G or Soprum HypDROXIDE 
per 100 G or Warnr (UprEr FiGuRE) AND A SOLUTION oF 20 G or 
Soprium CARBONATE PER 100 G or Water (LowrR FIGURE) ON 
Specimens TrEstep IN REPEATED ToRSION AT +7.2 Dua. THE 
Specimen in Soprum HyproxipE FaILep In 735 Cycites, WHILE 
gan SPECIMEN IN SoprtumM CARBONATE FAILED IN 956 CycLEs 


high temperature and substantial absence of oxygen existing in 
the present repeated-torsion tests, it seems probable that hydro- 
gen embrittlement may have played an important part in acceler- 
ating failure. Indirect evidence in support of this hypothesis is 
presented in Fig. 10, which shows the surface of two specimens 
from the repeated-torsion tests, the rough one broken in a solu- 
tion containing 100 g of sodium hydroxide per 100 g of water, and 
the smooth one in a solution containing 20 g of sodium carbonate 
per 100 g of water. It is evident from Fig. 10 that, if corrosion 
had been an important factor in producing the failure of the speci- 
men, the one in contact with sodium hydroxide should have failed 
much the more rapidly. Actually, the specimen in sodium hy- 
droxide failed in 735 cycles and the one in sodium carbonate in 
956 cycles as compared with values of from approximately 3900 
to 4700 cycles in air. The fact that the specimen exposed to the 
sodium-carbonate solution endured only a slightly greater number 
of cycles than the one in contact with the sodium-hydroxide solu- 
tion, although its surface was free of any selective corrosion, is 
strong evidence for some specific action of the solution quite in- 
dependent of pitting. This same specific action, which the authors 
believe may be embrittlement by hydrogen, must also have been 
responsible for the reduction in endurance caused by water alone, 
since the specimens from these tests also showed smooth shiny 
surfaces, without any visible traces of pitting. Microscopic ex- 
amination of the cracks produced in water, and in dilute solutions 
of sodium hydroxide and of sodium carbonate has not shown pits 
at the point where the cracks start from the surface of the speci- 
men, nor is there any difference between these specimens and 
similar specimens broken in air. 
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TABLE 3 EFFECT OF MIXTURES OF SODIUM HYDROXIDE 
WITH SODIUM CARBONATE, SODIUM CHLORIDE, AND SODIUM 
SULPHATE 

Grams of Grams of Average Average 
NaOH compound Cycles cycles no. cycles 
Specimen per 100g Added per 100 g to to without 
no. of water compound of water failure failure added salt 
31.47 25 NazCOz 12.0 632 
31.48 25 NazCOsz 12.0 1234 933 1309 
31.49 25 NazCOz 4.8 1245 
31.51 25 NazCOz 4.8 1056 1150 1309 
31.52 25 NazCOz 1.2 1387 
31.53 25 NazCOz 1.2 1142 1264 1309 
31.45 50 NazCOz 13.0 1516 
31.46 50 NazCO; 13.0 461 988 934 
31.39 25 NaCl 15.7 1131 
31.40 25 NaCl aso / 738 934 1309 
31.42 50 NaCl 17.0 716 
31.43 50 NaCl 17.0 1115 915 934 
31.77 25 Na2SOs Covered 929 eg pe 
31.80 25 Na2SO, Covered 562 bila aw 
31.11 25 NazSO« Covered 1223 905 1309 
32.107 50 NasSOu Covered 980 ae ES 
32.108 50 Na2SOu Covered 566 Res: Lets 
32.109 50 NasSO« Covered 765 770 934 
Nots: Specimens were tested at 482 F (250 C) and an angle of twist 
of +7.2 deg. 
TABLE 4 EFFECT OF POTASSIUM AND SODIUM CHROMATE 


ON THE NUMBER OF CYCLES TO FAILURE IN WATER AND 
SODIUM-HYDROXIDE SOLUTIONS 
Average Average 


Grams of Grams of 


NaOH compound Cycles cycles cycles 
Specimen per 100 g Added per 100g to to without 
no. of water compound of water failure failure added salt 
shil ee} Water KeCrOa 44 2673 ah Pe 
31.34 Water KeCrO« 44 2156 Sie ae 
31.35 Water K2CrO. 44 3041 2623 2253 
31222 25 2CrOs 24 2030 Area aoe 
21.4 25 KeCrO. 24 2088 
21.6 25 KeCrO. 24 2365 ahi sare 
Dhl ve 25 KeCrO« 24 1665 Bers deere 
21.9 25 KeCrO. 24 2441 2118 1309 
Psi 50 KeCrO« 26 2178 doit ee 
21.2 50 K2CrO« 26 3190 aoe ane 
21.22 50 KeCrOs 26 1775 2381 934 
21.24 103 KeCrOs 9 1138 Sta) ies 
21.25 103 KeCrO« 9 598 a5 8 dicks 
hil Oleg 103 KeCrOx 30 837 858 800 
21.31 50 NazCrO, 36 2482 speek ate 
21.32 50 NasCrO4 36 2534 hes, sare 
21.33 50 NaeCrOx 36 2357 2458 934 
Note: Specimens tested at 482 F (250 C) and an angle of twist of 
+7.2 deg 


A number of tests have also been run to determine the effect of 
additions of sodium carbonate, sodium chloride, and sodium sul- 
phate on the number of cycles to failure in sodium-hydroxide solu- 
tions. In the case of sodium carbonate and sodium sulphate it was 
especially desired to determine if these salts had any effect in pre- 
venting the action of the sodium hydroxide. The results shown in 
Table 3 indicate that none of the salts had any inhibiting effect. 
The values given in Table 3 for the average cycles without the 
added salt may be compared directly with the average cycles in 
the presence of the salt to estimate roughly the effect of the salt 
itself. Inthe tests with sodium sulphate the specimen was covered 
with an excess of solid during the entire test. The values for the 
average results for sodium carbonate and sodium sulphate seem 
to indicate some tendency for these salts actually to enhance the 
detrimental effect of the sodium hydroxide. 

Summarizing briefly the effect of various solutions upon the 
specimens under repeated torsion: Sodium carbonate and tri-so- 
dium phosphate in solution produced almost the same effect as 
sodium hydroxide; sodium chloride and sodium sulphate in solu- 
tion have not exerted any effect appreciably different from that of 
water alone; mixtures of sodium hydroxide with sodium carbon- 
ate in solution, and with an excess of solid sodium sulphate did not 
indicate that either of these salts exerted any influence in increas- 
ing the endurance of the steel. 

Effect of Potassium Chromate, Sodium Chromate, and Sodium 
Nitrate in Inhibiting the Action of Sodium Hydroxide. Potassium 
chromate, sodium chromate, and sodium nitrate exert a very 
definite effect in increasing the endurance of steel in the presence 
of sodium-hydroxide solutions. The results for potassium and 


, the endurance of the steel. 


‘as that of the chromates. 
‘listed in Table 5. Attempts to lower the concentration of sodium 
. nitrate below the value of 26 g per 100 g of water resulted in a 
' rapid decrease in the beneficial effect on the endurance of the steel. 
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- sodium chromate in water and in sodium-hydroxide solutions are 


shown in Table 4. In 25 and 50 g of sodium hydroxide per 100 g 
of water, the addition of the potassium chromate almost doubles 
Even in water alone the potassium 
chromate seems to exercise a beneficial effect although the differ- 
ence of 400 cycles in the average is not large enough to make this 
certain. 

When the sodium-hydroxide concentration reached 103 g per 
100 g of water, potassium chromate up to 30 g per 100 g of water 
did not exert a beneficial effect. The potassium chromate has 
been found to have a very high solubility at 250 C in both water 


and sodium-hydroxide solutions so that further increases in the 


concentration of potassium chromate might make it possible to 
prevent the action of even these very concentrated sodium-hy- 


_ droxide solutions. 


The last three tests listed in Table 4 were made with sodium 
chromate to determine if it were as effective as the potassium salt 


) in inhibiting the action of sodium hydroxide. The results indicate 


that it is just as satisfactory. 
Sodium nitrate exerts an inhibiting action which is as effective 
This is shown by the first four tests 


The protection offered by the chromate might be accounted for 
in two ways. It is known that chromates are often effective in 
protecting steel, or perhaps it would be better to say that they pro- 
duce a more continuous and less permeable oxide film; as a result 
of this film the reaction between the solution and the steel is 
greatly reduced. This predicates protection on a more or less 
mechanical basis. Visual inspection, however, indicates no ap- 
preciable difference in the rate of attack between the solutions 
containing sodium hydroxide and potassium chromate or sodium 
hydroxide alone. On the other hand, if it is believed that hydro- 
gen embrittlement is an important factor, the protection may be 
due to the oxidization of the hydrogen by the chromate or to the 
catalysis of the conversion of atomic hydrogen to molecular be- 
fore it is absorbed by the steel. 

In the case of sodium nitrate the solution containing 26 g per 
100 g of water suffered a much more severe surface attack than 
when sodium hydroxide alone was present. This does not fall in line 
with the idea of preventing the reaction between the solution and 


TABLE 6 EFFECT OF SODIUM NITRATE ON THE NUMBER OF 
CYCLES TO FAILURE IN WATER AND SODIUM-HYDROXIDE 


SOLUTIONS 
Average 
Grams of Grams of Average cycles to 
NaOH NaNOs Cycles cycles failure 
Specimen per 100g _ perl00g to to without 
no. of water of water failure failure added salt 
21.47 50 26 1819 Saks ae 
21.48 50 26 2212 eheye Me 
Pal Cyl 50 26 2519 aes ano 
21.63 50 26 2938 2372 934 
21.52 50 13 2188 evs Aucs0 
21.53 50 13 1507 op Byes 
21.57 50 13 876 1524 934 
21.61 50 5.2 936 ats aici 
21.59 50 5.2 966 951 934 


Norn: Specimens were tested at 482 F (250 C) and at an angle of twist 
of +7.2 deg. 


TABLE 6 TESTS TO CHECK THE EFFECT OF WATER AND 
SODIUM HYDROXIDE ON THE NUMBER OF CYCLES TO 
FAILURE 
: Average cycles to 
Grams of NaOH failure as shown 


Specimen no. per 100 g of water Cycles to failure in previous tests 


21.49 Water 2639 

21.50 Water 2217 

21.56 Water 2161 Ane 
21.58 Water 1713 2253 
21.39 50 792 ait 
21.41 50 TAT aon 
21.44 50 672 934 


Norn: Specimens were tested at 482 F (250 C) and at an angle of twist 
of + 7.2 deg. 
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the steel but rather tends to agree with the idea of the prevention 
of the hydrogen absorption by the steel. The fact that nitrate is 
in general a fairly strong oxidizing agent also supports this view. 

After these tests with chromates and nitrates had been com- 
pleted, seven check tests were run in water and in 50 g of sodium 
hydroxide per 100 g of water to make certain that no change had 
occurred in the steel used for the specimens, the specimens them- 
selves, or any other detail of procedure which might affect the re- 
sults. The values shown in Table 6 indicate satisfactory agree- 
ment between the results secured for these conditions in previous 
tests and in the present tests. 


Typs or FaruurE PropucEeD 


Photomicrographs of typical cracks produced in contact with 
air, water, dilute sodium hydroxide, and concentrated sodium 
hydroxide are shown in Fig. 11. In air, water, and dilute sodium 
hydroxide the position of the cracks with respect to the grain 
boundaries can be determined fairly well with careful study. To 
some extent the cracks follow the grain boundaries, but this is by 
no means universally true and in many cases they go directly 
through a grain. 

In the case of the concentrated sodium-hydroxide solution, al- 
though the crack appears to have been widened to such an extent 
by the action of the solution that its actual position is more or 
less a matter of conjecture, there is evidence of both transcrystal- 
line and intercrystalline cracking. 

Holzhauer® has shown a number of cracks produced in his tests 
using repeated tension which are quite similar to those shown in 
Fig. 11. Those developed in steel in contact with concentrated 
sodium hydroxide were also widened by the action of the solution. 


CoNcLUSIONS 


The repeated torsion tests at 482 F (250 C) may be recapitu- 
lated as follows: 

1 Contact of the specimens with water reduced the number of 
cycles to cause failure to about one half or one third of the num- 
ber found for contact with air. Progressive increase in concen- 
tration of sodium hydroxide caused a further progressive decrease 
until at a concentration of 50 g of sodium hydroxide per 100 g of 
water the steel failed after about one fifth the number of cycles 
required to cause failure in air. 

2 The effect of sodium carbonate, tri-sodium phosphate, so- 
dium chloride, and sodium sulphate, each in solution, has been 
studied. Sodium carbonate and tri-sodium phosphate exercised 
about the same effect as sodium hydroxide. Sodium chloride 
and sodium sulphate did not produce any different effect from 
that of water alone. 

3 The addition of sodium carbonate in solution to the sodium 
hydroxide and the addition of solid sodium sulphate to cover the 
specimen did not produce any measurable effect in preventing the 
action of the sodium hydroxide. 

4 At a high temperature in the absence of oxygen, the failure 
of the specimens subjected to repeated stress in the presence of 
the solutions used did not appear to be closely related to pitting of 
the surface. 

5 Potassium and sodium chromate or sodium nitrate were ex- 
tremely effective in preventing the sodium hydroxide from lower- 
ing the endurance of the specimens. 

Some care must be exercised in interpreting these results in 
terms of conditions actually existing in a boiler. Practice has 
shown that boilers operating on aistilled water show few cases of 
cracking which can be attributed conclusively to the action of the 
water, whereas the tests show that the water should have a defi- 
nite effect. This difference may result from the necessity of im- 
posing either a high strain or a rapid repetition of the cycle on 
the test specimens in order to secure a test period which is suffi- 
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Fie. 11 


+7.2 Dxa. 


(The upper-left specimen was tested in air and failed in 4575 cycles. 
per 100 g of water and failed in 1847 cycles. 
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Cracks Propucep 1n Low-CarBon BorLer STEEL Durine Txsts IN ReppaTep Torsion at 482 F (250 C) Wire AN ANGLE OF 
Srrcimens Ercuep WirH 2 Per Cent Nitric Acip (300) 


The upper-right specimen was tested in a solution of 0.1 g of sodium hydroxide 
The lower-left specimen was tested 


in water and failed in 2962 cycles. The lower-right specimen was 


tested in a solution of 25 g of sodium hydroxide per 100 g of water and failed in 1135 cycles.) 


ciently short to make it possible to use the method. Such ac- 
celeration may result in making the mechanical disruption of the 
oxide film a much more important factor than the action of the 
solution in dissolving the film. In a boiler, the mechanical factor 
may be of much less importance, and then the water would 
have little effect as compared to concentrated solutions of sodium 
hydroxide which have been shown rapidly to attack the iron- 
oxide film. 


An extremely interesting comparison may be drawn between 
the assumptions which have to be made to relate these repeated 
torsion tests to actual boiler conditions and the assumptions which 
must similarly be made if static-tension tests are used. 

In the static tension it is assumed (1) that sodium hydroxide 
is the only substance in a normal boiler water which is respon- 
sible for the reduction in the ability of the specimen to carry a 
tensile load; (2) that in certain sections of an actual boiler the 
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sodium hydroxide can attain a concentration many times greater 
than the concentration normally present; (3) and that in the 


same region where the sodium hydroxide concentrates, the metal 


, 


vis subjected to extremely high stress. 


In sharp contrast to these assumptions it is possible to relate the 


repeated torsion tests to actual conditions by the assumption 
- that operating boilers are subjected to repetitions of stress of suf- 


-poiler water with the steel. 


ficient magnitude to promote continued reaction of the normal 
If high alkalinity is developed, the 
magnitude of the repeated stress and the number of repetitions 


to failure are greatly reduced and failure may consequently occur 


in a short period. 
It is interesting to note in this connection that a number of the 
railroads in the United States have encountered failure under 


' conditions which have not caused difficulty in stationary boilers. 
~ It does not seem at all unreasonable to believe that the difference 
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in results arises from the much more severe repetition of stress 
to which the locomotive boilers may be subjected. 

The repeated torsion tests have furnished a quite definite meas- 
ure of the effect of water and of various solutions upon the speci- 
mens. Further tests are being carried out at the present time on 
the effect of the inhibiting agents and it is also planned to carry 
out tests using low-distortion angles and a high cycle frequency. 
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Discussion 


Research Investigation of Current- 
Meter Behavior in Flowing Water' 


J. M. Mousson.2 The investigation of the behavior of current 
meters carried out at Eddystone, Pa:, by the author is a com- 
mendable endeavor to throw more light on a subject little under- 
stood at the present time. The writer believes, however, that the 
data obtained and more particularly the conclusions arrived at 
by the author are open to serious criticism in view of the pro- 
cedure and apparatus used for these tests. 

The two current meters investigated were mounted simul- 
taneously in the flume at fixed positions. The velocities in front 
of the current meters were measured by a pitot tube. The pitot- 
tube coefficient was obtained by means of a weir located down- 
stream of the test flume. One of the weaknesses in the testing 


_. procedure is undoubtedly this correlation of the pitot tube and 


the current meter. 

A definite effective area was assumed for the current meter and 
the pitot-tube measurements in front of this area were compared 
with the current-meter registration. The effective area of a cur- 
rent meter does not necessarily coincide with the area limited 
by the periphery. In the course of recent investigations made 
abroad on runners of high specific speed it was found that, if 
the runner were to have suitable characteristics under runaway 
speed, the difference in pressure between the suction and the 
pressure sides of the blades should be equal to zero at some con- 
siderable distance inside the periphery. The effective diameter 
of the turbine in this case is smaller than the runner diameter. 
Since these current meters operate as a turbine at runaway speed, 
it is reasonable to assume that the effective area of the current 
meters investigated does not coincide with the area limited by 
the periphery. Furthermore, visual observation showed no 
disturbances beginning at the periphery of the meter, as would 
be expected if a pressure difference existed between the two sides 
of the blade at this point. In making still-water calibrations the 
effective area is of no concern. 

To explain the apparent overregistration of the type-l meter 
in particular and of any other propeller-type meter in general, 
the theory has been advanced time and again that, since the 
average energy exerted upon propellers exceeds the energy cor- 
responding to the average velocity, propeller-type current meters 
should show an overregistration in flowing water as compared 
with still-water ratings. This theory is often mentioned to 
justify the claim that still-water ratings are not reliable. It 
must be argued, however, that if this were true the rate of rotation 
of propeller meters would be proportional to the square of the 
velocity for still-water calibrations. The very fact that for still- 
water ratings the rate of rotation is found to be proportional to 
the velocity indicates that the basis for the theory mentioned 
previously is not satisfactory. As the author claims an over- 
registration for a propeller-type current meter it would be interest- 
ing to know his explanation based on theoretical considerations. 

In spite of the great precision and skill with which the author’s 
measurements were made, yet another inherent error is intro- 
duced through the use of a pitot tube as a secondary standard. 


1 Published as paper HYD-57-9, by S. L. Kerr, in the August, 1935, 
issue of the A.S.M.E. Transactions. 

2 Hydraulic Engineer, Safe Harbor Water Power Corporation, 
Baltimore, Md. 


It should be recalled that the accuracy of the pitot tube in tur- 
bulent flow has been recognized as very questionable by the 
A.S.M.E. Power Test Code, wherein is specified that: ‘‘It is 
very desirable to have a run of straight pipe, at least 15 diameters 
long, following short bends, valves, and poorly designed intakes, 
and immediately preceding the pitot tube to minimize the dis- 
turbances of flow which may result from such features.” The 
pitot-tube section used by the author was only about four times 
the width of the flume below the intake and only twice the 
width below the baffle section. The pitot tube is essentially 
a pressure-measuring device and its indications are proportional 
to the square of the velocity. This relation is shown by the curve 
in the figure shown in Table I of this discussion. When during 
a certain measurement the velocity is permitted to vary, it is 
perfectly evident that the observed average dynamic pressure is 
greater than the pressure corresponding to the actual average 
velocity. In other words, a velocity greater than the true average 
velocity is obtained from the pitot-tube measurement. The 
author’s data presented in Fig. 12 of his paper substantiates the 
contention that turbulence (variation in velocity or dynamic 
pressure) reduces the coefficient appreciably and the greater the 
turbulence the lower the coefficient. 


x 04 
& 
TABLE I Bos 
PITOT TUBE COEFFICIENTS FOR UNIFORM = ays 
VARIATIONS OF DYNAMIC PRESSURE ee 
AND VELOCITY o 
2 Ol 
E 
& 0 
0 10 20 30 40 50 6 
Velocity in Feet per Second 
Variations in Dynamic Pressure Variations in Velocity 
Lower Limit | Upper Limit ] Pitot Tube | Lower Limit | Upper Limit | Pitot Tube 
Ft.of Water | Ft.of Water | Coefficient |Ft. per Second | Ft. per Second | Coefficient 
0 h 943 0 v 866 
Ol 05 982 0.80 L719 270 
Ol ql 968 0.80 2.54 360 
Ol 2 258 0.80 3.59 -240 
Ol 3 953 0.80 Aso a | eD 
05 ‘ll 290 1.79 2.54 990 
05 x 982 6) 3.59 982 
05 ey ahs) 1.79 4.39 272 
a] iz 995 2.54 | 3:59) 995 
I ) 990 2.54 4.39 [ 989 
af | A 985 2.54 5.08 284 
2 3 -298 3.59 4.39 398 
z 4 995 x59 5.08 995 


Since in the tests reported by the author the variations in 
velocity were noticeable, it will be of interest to investigate the 
possible effect of this on the pitot-tube coefficients. To simplify 
this work which, it must be emphasized, is intended only to show 
the possible errors in the investigation, several assumptions will 
be made. Assume that the measurements by the weir are abso- 
lutely correct and that an ideal pitot tube is used with a coefficient 
of 1 over the entire range of angularity. Furthermore, assume 
that the variations in flow cause either uniform variation in 
velocity or uniform variation in pressure. It is then possible to 
compute, for any assumed limits of variation in flow, the relation 
between the true average velocity and the velocity indicated by 
the pitot-tube measurement. This ratio we will call the pitot-tube 
coefficient. In Table I of this discussion are given the coefficients 
for variations in flow within limits which are at least comparable 
with those that existed in the author’s tests. It should be pointed 
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out that for nonuniform variation of velocity or pressure these 
coefficients may be greater or less than those tabulated, but in 
no ease greater than 1. 

In the author’s tests an average pitot-tube coefficient was 
determined for each run. Since the variation in flow differs from 
point to point, it is evident the coefficient should also differ. Of 
course, it is impractical to do this and the average coefficient is 
used which cannot help but distort the velocity diagram and 
introduce at various points errors of perhaps as much as +5 per 
cent. 

This investigation can be pursued still further if something is 
known about the variation of flow at the different points in the 
flume. The knowledge of this is principally the result of personal 
visual observation which, of course, is greatly influenced by the 
point of view. 


TABLE IL 
TEST GROUP NO.1,- SMOOTH FLOW 
DETERMINATION OF ERROR IN PITOT 
TUBE COEFFICIENT AT 
LOCATION OF CURRENT METERS 


Error in Pitot Tube Coefficient 
Difference: PT.C. Inner Half- 
T. 


Pitot Tabe 
Coefficient 


Dynamic Pressure 
Variation 


Ayerage 


cation in 2 
Eo y Coefficient 


Inner Half 


Inner Half 


Outer Half 0540.3 O75 

Inner Half 20.3 20S 3865 We O15 

Outer Half “05103 375 = 
Inner Half_|_NoVoriction | 1.000 stvle ‘0125 ace 


UNIFORM VARIATION IN VELOCITY 


Error in Pitot Tube Coefticient 
Pitot Tube | Average ‘ : = 
Coefficient |Coefficient Difference: P.T.C. Inner Half 
Av. PT.C. 


Velocity 


Location Bony 
Variation 
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between —0.66 per cent and —1.17 per cent. Since the author 
believed that he had smooth flow at the location of the current 
meters, a case is added which shows that the error based on his 
assumption may be as high as —1.26 per cent. Based on vari- 
ation in velocity the resulting error in the pitot coefficient varies 
between —0.25 per cent and —1.52 per cent. The error is always 
in the direction which makes the meter apparently overregister. 

The method of evaluating the possible error can be criticized 
severely. For example, it could be argued that in determining 
the average coefficient the weighing of the discharge should have 
been considered. This refinement was not considered necessary, 
since it would be equally as reasonable to assume one half of the 
discharge adjacent to the boundaries to be affected by turbulence 
instead of one half of the area. Nevertheless, it shows that the 
slight overregistration of the meters in smooth flow may more 
than be accounted for by the distortion in the velocity diagram 
due to the variable pitot-tube coefficient. 

In another group of tests, baffles were installed reaching to one 
half the depth of the water passage, as shown in the figure in 
Table III of this discussion. Visual observation of the speed of 
air bubbles indicated that water passed with higher velocity and 
less turbulence under the baffles than through the baffles. The 
area of high velocity increased downstream, while the discharge 
through the baffles, which is highly disturbed and considerably 
less in volume than the discharge beneath the obstruction, is 


TABLE IL 
TEST GROUP NO.2,- BAFFLES AT 
ONE-HALF DEPTH 
DETERMINATION OF ERROR IN PITOT 
TUBE COEFFICIENT AT 
LOCATION OF CURRENT METERS 


For the first case consider the calibration in smooth-flowing 
water. It must be emphasized that the flow was not smooth. 
The ribbons located upstream of the current-meter section vi- 
brated slightly and their tail ends whipped to the right and to 
the left. Air bubbles suspended in the water followed a some- 
what irregular path. It is generally recognized that the flow in 
the pipe is more turbulent along the walls than in the middle of 
the water passage, and that the smaller the pipe the greater the 
percentage of area affected by turbulence. For our argument, 
assume that in the flume used by the author one half of the area 
was affected, that is, the shaded area of the figure in Table II of 
this discussion, which may or may not have been the case. It 
is realized, of course, that there will be no sudden line of demarca- 
tion between the two types of flow. 

Table II of this discussion, based on variations in the dynamic 
pressure and variations in velocity, shows the results of an analy- 
tical evalution of the possible error resulting from applying the 
average coefficient of the pitot tube in front of the current meters. 
Cases 1, 2, and 3 are not unreasonable and actually may have 
occurred. The resulting error in the pitot-tube coefficient varies 


Ft. per Second Numerical 

Outer Half 2.54 to 359 995 
Inner Half | No Variation 1.000 - | 
Outer Helf 1.19 to 3.59 982 
Inner Hal 2.54 to3.59 Cis ; Error in Pitot Tube Coefficient 
Outer Holf | _1.79t03.59 S02 PG Location (rye Pree eine ee lcccificont| Difference: PTC. Middte- 
Inner Half | No Variation 1.000 29 oriation Coefficient |Coefficient 
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A thorough intermingling 
with the high-velocity jet occurred at some point downstream 
from the current meters. For our argument a distribution of 


flow such as shown in the figure in Table III of this discussion 


will be used. As seen from this figure the steadier velocities 


are near the bottom and the least stable velocities are near the 
top. The ribbons and air bubbles indicated that the current 


meters were located in the high-discharge jet and in a region of 


comparatively steady conditions. 


From Table III of this discussion based on variation of the 
dynamic pressure and velocity, respectively, it is evident that 
the error in the pitot-tube coefficient applied to the location of 
the current meters may, for the assumed conditions, reach values 
of considerable magnitude. The apparent overregistration is well 


within the limits of the possible error and may be accounted for 


-inthismanner. The current meters probably do not overregister, 
_ but if the correct pitot-tube coefficient were used they would have 


‘indicated considerable underregistration. 
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Fic. 1 Errscr on THE REGISTRATION OF CURRENT METERS 
or Eppins THE Axps oF WHICH ARE PARALLEL TO THE DIRECTION OF 
Fiow 


During a third group of tests, baffles were installed reaching 
to the full depth of the water passage. Table IV of this discussion 
is based on the assumption that larger variations in velocity occur 
near the boundaries of the plane of measurement as indicated by 
the shaded areas shown in the figure in Table II of this discussion. 
Visual observations confirm this assumption, as on either side of 
the test flume the variations were of such magnitude that from 
time to time surges occurred, causing the water to flow upstream 
along the side walls. This back flow could not be observed at 
the location of the current meters. The meters themselves did 
stall only when the angle of flow exceeded the limit above which 
the current meters will stop rotating regardless of the velocity. 
From Table IV of this discussion it may be seen that the inherent 
error in the pitot-tube coefficient for the location of the current 
meters may be large. 

Since the author concluded that the overregistration may be 
from 2 to 5 per cent, the errors in the current meters are within 
the limits of the possible error in the pitot-tube coefficient. The 
writer believes, therefore, no conclusions can be reached that the 
current meters overregister, since it may be equally true that 
in effect the current meters underregistered considerably. 

It is indeed of utmost importance that two of the Ott type-2 
meters used at Safe Harbor, which have conical screw propellers 
with a 50-em pitch, straight generating lines, and convex curva- 
ture, were also investigated by the author and no overregistra- 
tion for these meters was apparent even with the distortion in 
the velocity diagram produced by the variable pitot-tube coeffi- 
cient. It is interesting to note that the meter which in oblique 
flow indicates a smaller velocity than the type-1 meter shows the 
same tendency in the type of flow thought smooth by the author 
as in turbulent flow (compare average meter velocity in author’s 
Table 3 Runs 410-1,-3,-5, with 409-7,-8,-9, respectively). 

In view of the fact that the analysis as outlined by the writer 
is based on the assumption of uniform variation in velocity and 
the dynamic pressure, it should be mentioned that the error in 
the pitot-tube coefficient for sudden variations between two limits 
was investigated more than thirty years ago.’ The results 
of these tests by Rateau not only confirm the theoretical con- 
siderations but they show that the effect based on the assumption 
of uniform variation is very conservative. 


3 ‘Experiences et Theories sur le Tube de Pitot et sur le Moulinet 
de Woltmann,” by M. Rateau, Annales des Mines, series 9, vol. 13, 
1898, pp. 331-385. 
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It is believed that the analysis given in this discussion indi- 
cates that the results of the author’s investigation should not be 
judged by their face values, as it may be equally possible: 
(1) That the pitot tube apparently underregistered for the loca- 
tion of the meters, (2) that the current meters investigated did 
actually not overregister but underregistered, and (3) that the 
current meters performed in turbulent flow in accordance with 
their oblique-flow characteristics. 

The writer believes that although the author’s investigation 
did not advance the general knowledge of the behavior of the 
current meters in turbulent water, a very valuable contribution 
was made in one group of tests which the author did not mention 
in his paper and which is very instructive and conclusive. A 
stationary vane was installed upstream of one of the current 
meters. This vane produced an eddy the axis of which was 
parallel to the direction of flow, that is to say, parallel to the axis 
of the current meter. Fig. 1 of this discussion shows the results 
of this investigation, and indicates that when the direction of 
rotation of the eddy coincides with the rotation of the propeller, 
the current meters did actually overregister. On the other hand, 
when the rotation of the eddy was opposite to the rotation of 


Fie. 2 


the current meter, an underregistration considerably more than 
the overregistration was indicated. This may be attributed to 
the fact that a larger amount of energy is dissipated in the latter 
case. These tests indicate that it is advisable to use both left- 
hand and right-hand meters to guard against gross overregistra- 
tion or underregistration. At the same time, this test shows an 
increased tendency toward underregistration in turbulent flow 
of propeller-type meters since, as may be expected, right-hand 
and left-hand whirls are occurring with equal frequency. 

Of course it should not be denied that some propeller-type 
meters may overregister in a given range of obliquity, but only 
in case their oblique-flow characteristics show a cup effect above 
a certain angle of flow approach. Based on experimental research, 
the type-1 and type-2 meters, each belong toa family of propellers 
for which no cup effect can be found, regardless of the pitch. On 
the other hand, if the curvature of the type-2 vanes were concave 
instead of convex, and if in addition the generating lines were 
helicoidal (based on spirals by Archimedes) instead of straight 
lines, the propellers would overregister above a certain obliquity 
due to the cup effect. In view of this it is advisable not to employ 
propeller-type meters showing a cup effect in the useful range 
since this is not compensated for by any other phenomenon. 

The tests conducted by the author have shown clearly that if 
another investigation were to be made and if conclusive results 
were to be obtained, this future investigation should be carried 
out without a secondary standard, such as pitot tubes. The 
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writer believes that satisfactory results can only be obtained when 
the discharge measured by the current meters is compared directly 
with volumetric measurements. To make this possible current 
meters of very small size should be used and the meters held at 
points all over the plane of measurement as is done in the field. 
Small meters for laboratory purposes and of the same type as 
used at Eddystone, Pa., by the author are now available. 


L. A. Orr.‘ The investigations undertaken at the I. P. Morris 
laboratory at Eddystone, Pa., are interesting and may help ‘‘to 
clear up some of the elements of doubt, which have existed in 
regard to current-meter measurement,” but perhaps in a little 
different form than the author had in mind. 

If stream lines are drawn in the neighborhood of an ideally 
shaped screw propeller which operates in an ideal parallel stream 
it is possible to differentiate at first the main cases shown in 
Figs. 2, 3, and 4 of this discussion. Fig. 2 shows a screw with an 
equivalent axial speed exactly equal to the speed of the on-coming 
stream and, therefore, is representative of an ideal hydrometric 
vane. Since energy can be neither absorbed nor spent the stream 
lines are not deflected when passing through the wheel. The 


stream velocities v before, v’ in, and V behind the screw are exactly 
the same and the outer limit of the groups of stream lines going 
through the screw is cylindrical. 

But if it is desired to create work with a screw propeller, as by 
a windmill or a turbine wheel set in a free stream, the streamline 
effect shown in Fig. 3 of this discussion is necessary. Because of 
the work given up to the wheel, the downstream velocity VY, 
must be smaller than the upstream velocity. The section through 
the streamline group going through the wheel is therefore larger 
behind the wheel than in front of it. 

The speed reduction from v; to Vi can, of course, be only a slow 
one, and according to Froude’s theorem (which can easily be 
derived with the impulse law) the reduction is such that the 
axial velocity within the wheel is equal to the arithmetic mean of 
the velocities »; and Vj. 

The propeller of an airplane, a ship, or a pump which does not 
create work, but consumes it, draws in the liquid at its front side 
which has the starting velocity v2, accelerates it, and throws it 
off with the final velocity V2. In Fig. 4 of this discussion the 
stream has a smaller diameter behind the wheel than before it. 
The velocity increase v2. to V2 again happens in such a way that 
the axial-stream velocity v.’ within the wheel is equal to the 
arithmetic mean of the velocity upstream and downstream. 

Assume that a propeller is set in a double stream, as shown in 
Fig. 5 of this discussion, with different upstream velocities of 

4 Mathematik Institut, Kempten, Germany. 
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», and 2) and different downstream velocities of Vi and V2 so that 
the axial stream velocity in one half of the propeller is 


op (Gre s’ Wan Ptans bene been or emo {1] 
and in the other half of the propeller it is 
v2! a (v2 + V2) /2 Bs iidg ti -tacevd ck DRO PO PO OR Ea [2] 


These two velocities v1’ and v2’, which correspond to the velocity 
of the axial-flow evasion of the wheel, must be equal to each 
other, and therefore 


dhca= Was pe We Cte an mors 0 roe [3] 


If the propeller were mounted on frictionless bearings and no 
energy is received from outside nor energy given up (when the 
conditions exist for an ideal hydrometric vane) then the value of 
energy of the stream flow behind the screw must be the same as 
that before the screw. Therefore, the screw in its capacity as a 
turbine must draw away just as much energy from the faster 
part of the upstream flow as it gives to the slower part of the flow 
if it were working as a pump. 

Because the withdrawn energy is proportional to 1,2 — V,? and 
the energy given up is proportional to V2? — 2” 


v2 — V2 = V2? =o v2? 2 Meat Steet oc [4] 
From Equations [3] and [4] it follows that 
VG, = OS EGG, Salina oo ap ocn aicoge [5] 
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and therefore from Equations [1] and [2] 
Vil = Ve — Op |= Op) peek oe See > (6] 


Therefore, the velocity of the axial-flow evasion of the propeller is 
equal to the arithmetic mean of the two different upstream 
velocities. An overregistration of the screw, therefore, cannot 
take place, because it would mean that the downstream flow 
possesses a larger value of energy than the upstream flow, and the 
propeller would produce work out of nothing, simulating per- 
petual motion. 

If, as shown in Fig. 6 of this discussion, the vanes were set in 
a rectangular channel under pressure, which is the case in the 
author’s installation at Eddystone, Pa., and irregular stream 
flow is produced by artificial means, there would be no change in 
the previously drawn conclusions. However, the walls of the chan- 
nel may have some influence on the results but it cannot be 
assumed that such disturbances have an accelerating effect on the 
propeller and therefore cannot be the origin of the overregistra- 
tion of from 2 to 5 per cent seemingly observed by the author at 
Eddystone, Pa. 

In view of these facts it remains to be considered what the 
author means by overregistration. He projects the circle area 
F covered by the propeller a little upstream into a pitot measur- 
ing section, and considers that measurements in the various 
elementary areas f determine the flow quantity through this 
section according to the formula 


The author further determines the quantity of water Q’ passing 
the propeller by multiplying the area f by the velocity v’ of the 
stream passing through it so that 


In this way he finds v’ from the revolutions per second and the 
rating of the screw as determined by means of towing tests in 
still water. 

He then makes the wrong assumption that Equations [7] and 
[8] must give the same result, although the stream lines show 
clearly that this assumption is true only when the flow simulates 
that shown in Fig. 2 of this discussion and does not hold true 
for the flow indicated in Figs. 3, 4, 5, and 6 of this discussion. 
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The streamline group which passes the pitot section indicated by 
the heavy lines in Figs. 2, 3, 4, 5, and 6 of this discussion, is 
different from the group which actually goes through the pro- 
peller, indicated by the dashed lines in Figs. 2, 3, 4, 5, and 6. 
The pitot measurement would show entirely too great a flow in 
Fig. 3 and entirely too little a flow in Fig. 4. 

Therefore, it would be found according to the example shown 
with the pitot measurement at Eddystone, that an ideal screw 
would show an efficiency of fully 100 per cent, independent of 
the fact that it is used as turbine or pump, while in reality from 
the relationship shown in Fig. 3 of this discussion the theoretical 
efficiency must be v//v; and from those in Fig. 4 it must be 
V2/V2". 

As shown by the relationships of Figs. 5 and 6 of this discussion, 
the various mistakes made in the pitot measurements act against 
each other with a hydrometric vane working in an irregular stream, 
but it would be an unusual incident if they should just cancel 
each other, that is, if both stream-line groups in these figures 
should carry the same amount of water. 

That this unusual incident did not take place does not, however, 
prove anything against the usefulness of the hydrometric vanes 
in irregular streams, but only strengthens previously existing 
doubt as to the usefulness of the author’s method of investigation. 


W. M. Waurre® anp W. J. Rueineans.’ This paper presents 
a valuable addition to the research data on current meters and 
gives further proof that the use of current meters in turbulent 
flow may be subject to considerable error. 

However the tests described have several sources of possible 
error which should be considered before making any definite 
conclusions. 

The important factor in these tests was the determination of 
the velocity in front of the current meter by a pitot tube which 
had been calibrated for various velocities and for various degrees 
of turbulent flow. The pitot-tube coefficient for these conditions 
varied from a minimum of 0.934 to a maximum of 0.976, a varia- 
tion of about 4 per cent. 

For the low velocities used in these tests the correct determina- 
tion of the static head in pitot-tube measurements becomes very 
important. For instance, with a velocity of 2.6 fps the velocity 
head is 0.105 ft and an error of 0.01 ft in the determination of the 
static head represents an error of 5 per cent in the pitot-tube 
coefficient. 

In the tests conducted by the author the static pressures were 
measured only at the bottom of the flume for the turbulent-flow 
conditions. Measurement of the static pressure on only one wall 
of a conduit may or may not give the true average pressure across 
the flume. This has been clearly demonstrated by the writers.’ 

If the static pressure in the tests conducted by the author were 
constant across the entire section an error in the measurement of 
this static pressure would have affected only the pitot-tube 
coefficient and not necessarily the actual determination of the 
velocity in front of the current meter since the same piezometers 
were used for both the pitot-tube calibration and the velocity 
measurements. 

However, if the static pressure were not constant across the 
flume, having a different value at the center than at the bottom, 
the velocity at the current meter were in error by the amount of 
this difference. 


5 Manager and Chief Engineer, Hydraulic Department, Allis- 
Chalmers Manufacturing Company, Milwaukee, Wis. Mem. 
A.S.M.E. 

6 Test Engineer, Hydraulic Department, Allis-Chalmers “Manu- 
facturing Company, Milwaukee, Wis. 

7 Photoflow Method of Water Measurement,’’ by W. M. White 
and W. J. Rheingans, Trans. A.S.M.E., vol. 57, no. 6, August, 1935, 
paper HYD-57-7, p. 273. 
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A further possibility of error was introduced by the use of a 
pitot-tube coefficient as determined for the flow conditions across 
the entire section. This coefficient was an average for probably 
large variations in turbulence and certainly for large variations 
in velocity as shown in Fig. 10 of the paper. If it is true that the 
pitot-tube coefficient varies so widely with velocity and turbulence 
as the calibration tests indicate, then an average coefficient can- 
not be applied without error to a section where the turbulence 
and velocity may differ by an appreciable amount from the aver- 
age conditions of the calibration. 

Although these possible sources of error must be taken into 
consideration, the tests made by Mr. Kerr throw considerable 
doubt upon the entire question of current-meter measurements in 
turbulent flow and are consistent with tests and observations 
made by other investigators. In this connection a paper by 
Yarnell and Nagler’ describes some interesting tests. Current- 
meter traverses were made in a 4 X 3-ft flume with various types 
of turbulent flow. It was found that the Ott meter over- 
registered as much as 50 per cent for one kind of turbulence and 
underregistered as much as 20 per cent for a different type of 
turbulence. 

These tests indicated that the different types of turbulence 
affect the current-meter registration differently by an almost 
unbelievable amount. Therefore, the present-day tendency to 
resolve turbulent flow into simple angular flow and a variation 
in forward flow, and then base current-meter measurements 
entirely upon angular still-water ratings is subject to just such 
errors. 


L. M. Davis.® The investigations described in Mr. Kerr’s 
paper are a noteworthy attempt to dispel some of the uncertainty 
regarding the behavior of current meters in flowing water. Many 
tests have been made on screw-type meters to settle this point, 
and in the majority of cases it was concluded that the better 
types of screw meters would give fairly accurate results using 
the still-water ratings for angular flow. 

Since Mr. Kerr’s conclusions are contrary to the conclusions 
drawn from most previous tests, it seems advisable to go into 
the methods used in making the investigation. 

In general, the experiments were carefully made and every pre- 
caution was taken to obtain the maximum precision from the 
available equipment. 

In order to determine the velocity of the water filaments strik- 
ing the meter head, pitot-tube traverses were taken on a cross 
section just upstream from the tips of the current meters. To 
avoid the uncertainty of an assumed coefficient for the tube the 
cross section was completely traversed and an average coefficient 
computed using the discharge as given by a calibrated weir. If 
the pitot-tube coefficient was a constant for all conditions, this 
would place full responsibility for the accuracy of the velocity 
determination on the weir. However, it is known that the co- 
efficient varies with velocity and turbulence, so that the resulting 
velocity face determined from the average coefficient is distorted. 
This will result in an incorrect value for the average velocity of 
the filaments of water striking the meter head. 

Also a weir cannot be considered as a positive instrument for 
water measurement. The calibration curve given by the author 
in Fig. 1 of the paper shows a spread in the volumetric test points 
of over 7 per cent. It is possible that a portion of this spread was 
due not to errors in the volumetric measurements but to changes 
in the flow distribution in the approach channel. It is also possible 
that the turbulence, artificially produced for these tests, was not 


8“‘Effect of Turbulence on the Registration of Current Meters,” 
by D. L. Yarnell and F. A. Nagler, Trans. A.S.C.E., vol. 95, 1931, p. 
766. 
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completely racked out and carried down to the weir, thus reducing 
the discharge for a given head on the crest, the amount of this 
reduction varying with the degree of turbulence. 

Another source of possible error is the relatively small size of 
the flume. European engineers have recognized for many years 
that current meters used in restricted flumes will overregister. 
Professor Gramberg of Berlin found that anemometers over- 
register in restricted passages, the amount of overregistration 
varying inversely with the cross-sectional area of the passage. 
He found that the overregistration of anemometers in pipes of 
the same inside diameter as the anemometer was 20 per cent 
and more. He concluded that the anemometer should be rated 
as used providing the cross-sectional area of the anemometer was 
not infinitely small compared with the cross-sectional area of 
the passage.?° 

Dr. Ott recognizes the effect of restriction on the Ott current 
meters when used in small flumes or pipes where the area of the 
meter is an appreciable percentage of the cross-sectional area of 
the flume. He has developed and put on the market a small 
meter of 40-mm propeller diameter with streamline body for 
laboratory use. In spite of the small displacement, he specifies 
that this meter should be calibrated in place. 

If laminar flow existed, it would be possible to properly correct 
for the area taken out of the metering section by the meter. 
However, with turbulence the effective area of the meter is 
increased by an uncertain amount, depending upon the degree of 
turbulence. 

The investigators have made a very worthy effort to rate 
current meters in flowing water, but it is felt that the results are 
questionable due to the distortion effect of the pitot tube, the 
uncertainty of the weir,and the fact that the restricted flume un- 
doubtedly caused overregistration. 


J. D. Scoviiz.!! The writer witnessed a number of the tests 
described by the author and wishes to emphasize the extreme 
care with which these experiments were made. They represent 
a distinct step forward in the field of current-meter work. It is 
believed by the writer that no previous experimentation has been 
done to investigate the effect of velocity variation across the face 
of the current meter. The difficulty in this work is to get the 
average velocity in the cylinder of water which rotates the meter. 
Using a pitot tube which has been calibrated in the throat of a 
venturi in straight-flowing water is not satisfactory for use in 
turbulent water since its coefficient will be lower in the disturbed 
flow. Hence the necessity of calibrating the pitot tube under 
the conditions of flow which occurred where it was to be used. 
This was done by a very thorough traverse of the entire flume 
with especial emphasis on the flow adjacent to the walls and im- 
mediately in front of the current meter. This calibration depends 
on the weir rating for its absolute accuracy. It is independent 
of the weir rating for its relative accuracy in straight-flowing and 
turbulent water. Fig. 11 of the paper indicates that the pitot- 
tube coefficient in turbulent flow of the type produced during 
these experiments is of the order of 2 per cent less than the coefh- 
cient in smooth flow. 

Based on the pitot-tube coefficients so determined, the type-1 
current meters show a distinct tendency to overregister in tur- 
bulent flow. One criticism offered is that the pitot-tube coefficient 
used in the determination of the average velocity in the current 
area is of course the average coefficient over the whole flume area 
and may not be the correct coefficient immediately in front of the 
meter. Granting this to be true, the error probably is not suffi- 
cient to alter the fact that the paddle-type Ott meter tended to 


10 “Technical Measurements for Performances of Machines and 
Operating Control,’’ by A. Gramberg, Julius Springer Berlin, 1933. 
11 Hydraulic Engineer, S. Morgan Smith Company, York, Pa. 
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overregister in the turbulent flow produced at the I. P. Morris 
laboratory, Eddystone, Pa. 

There are tests on current meters which show that when a 
meter is placed in a small pipe or flume it will overregister as 
compared with its behavior in a large pipe. This effect is elimi- 
nated at Eddystone since the velocities are all referred to a weir 
which was calibrated volumetrically. As noted in Fig. 12 of the 
paper, the area of the flume was corrected for the reduction of 
area by the meters. These tests indicate that great care must 
be taken in selecting a location for a current-meter measurement. 
In most cases preliminary tests should be made to ascertain 
whether or not turbulence or angularity exists. 

Henri Deglon.!2 To make sure that the author’s conclusion 
is correct, the errors introduced when testing must be known in 
amplitude and sign. The pitot-tube readings were not simul- 
taneous. The mean pressure was obtained by piezometer read- 
ings. The pitot-tube coefficient was found for the whole canal 
cross-sectional area and assumed to be the same for the current- 
meter area. ‘The most important error is the one concerning the 
mean pressure. 

In disturbed flow as shown on isometric velocity diagram, 
some dynamic effect due to oblique velocity may take place at 
the piezometer locations which will indicate too low or too high 
mean pressure and consequently affect the velocity distribution 
computed with this mean pressure and which is used to check the 
current meter. A too high mean pressure will indicate over- 
registration of the current meter and a too low mean pressure an 
underregistration of the current meter. 

The writer suggests the use of a spherical piezometer pitot 
tube to check the correctness of the piezometer readings, especially 
for disturbed flow. 


AvuTHOoR’s CLOSURE 


The statement by Mr. Deglon to the effect that the pitot-tube 
readings were not made simultaneously, should be modified in 
the light of the test procedure used by the author. The current- 
meter record was taken between each pitot-tube traverse. The 
individual pitot readings could be reproduced by check readings 
provided the flow had not been interrupted. If the pump were 
shut down during a series of tests and then restarted, the flow 
pattern would shift and the check readings at any point would 
vary from the original observations. . No series of test runs 
was used in the investigation unless the flow conditions remained 
undisturbed throughout the complete group of traverses and 
meter recordings. The current-meter registration was recorded 
at least eight times during each test and if any discrepancy 
between readings were found, the group of runs was rejected and 
the test repeated. While the pitot readings and the current- 
meter readings were not made simultaneously, they were read 
alternately and checked completely to insure the elimination of 
any error which might be introduced on this account. 

The detailed theoretical analyses by Mr. Mousson and Dr. Ott 
are illuminating and present other interpretations of the test 
results. The author believes however that the fundamental 
difference between current-meter behavior during still-water 
rating and during operation in flowing water with varying de- 
grees of turbulence cannot be established by purely theoretical 
discussions. The technique of current-meter calibration has 
been developed to a high degree of perfection by Dr. Ott and 
also by the National Bureau of Standards in Washington, D. C. 
All of these calibrations however are made in still water. 

The two-type current method has been based upon the 

12 Hydraulic Engineer, 8. Morgan Smith Company, York, Pa. 

13 ‘Water Gaging for Low-Head Units of High Capacity,” by 
J. M. Mousson, Trans. A.S.M.E., vol. 57, 1935, paper HYD-57-10, 
pp. 303-316. 
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difference in registration of various types of meters developed 
from the angular calibrations of meters in still water as pointed 
out by White and Rheingans.'4 

The thesis that a current meter will perform exactly the same 
in turbulent flow as when rated in still water at various angles 
has not yet been proved by tests or by practical experience. For 
example, in the first series of tests conducted by the author under 
smooth-flow conditions without pitot-tube measurements, the 
difference in registration of type-1 and type-2 meters indicated 
an apparent angularity of flow of over 11 deg. Comparisons of 
the chronographie record in the laboratory and in the field tests 
at Safe Harbor indicated that the conditions in the laboratory 
under smooth flow were much better than those existing in the 
field. The conditions in the laboratory under turbulent flow 
were not as good as those existing in the field for the center 
meters, but seemed better than those for the meters adjacent 
to the walls of the intake. 

In spite of the steadier flow in the laboratory, a strict applica- 
tion of the two-type meter method would require an increase 
in the discharge of approximately 1 per cent for smooth flow 
normal to the meter as shown in Table 1 of the paper. However, 
if this is considered as an apparent angularity only, and the co- 
ordinates of the correction curve adjusted accordingly, many 
of the differences of opinion in regard to the tests might be 
reconciled. Thus, the correction for flowing water versus still 
water could be taken as approximately 4 per cent for extreme 
turbulence, and zero for smooth-flow conditions. 

If all corrections for apparent angularity up to 12 per cent 
were omitted, and corrections were made only for angles greater 
than this amount, the current-meter tests made at Safe Harbor 
would be brought into close agreement with the Gibson test. 
This is nearly the same as taking the results of the type-1 or 
type-3 meter without any correction, which is probably as close 
to the true result as it is possible to come. 

Mr. Mousson states in the closure® to his paper’ that a cor- 
rection of 5 per cent upward in efficiency was necessary, based on 
the conclusion in this author’s paper.1 Mr. Mousson has lost 
sight of the fact that corrections of this magnitude are indicated 
in extreme turbulence only, and that for conditions as found in 
the later tests at Safe Harbor, particularly after the correct 
calibration data were available, the corrections between meters 
should probably be neglected, because the corrections for angu- 
larity and the corrections for turbulence would cancel each other. 

For the conditions which existed at Safe Harbor, the probable 
error due to turbulence is of the order of 1 per cent, and if this 
correction is applied to the last series of tests, the results check 
even more closely with the Gibson method than was reported by 
Mr. Mousson. 

It is possible to carry this thought still further. As the tur- 
bulence increases, the type-1 meter seems to overregister, while 
on the other hand as the angularity of flow increases the meter 
seems to underregister. It is possible that the combination of 
these corrections may make them cancel each other, therefore 
leaving one at the starting point, namely, the use of a single 
spoked-type medium-pitch meter which is self-compensating 
under actual service conditions and needs only a reasonably 
good metering section for fair performance. 

In conclusion, the author again states that the main objective 
of his investigation was to conduct comparative tests on current 
meters under conditions which approximate operating conditions. 


14 Discussion by W. M. White and W. J. Rheingans of the paper 
“Water Gaging for Low-Head Units of High Capacity,” by J. M. 
Mousson, Trans. A.S.M.E., vol. 58, February, 1936, p. 138. 

15 Author’s closure of ‘‘Water Gaging for Low-Head Units of High 
Capacity,” by J. M. Mousson, Trans. A.S.M.E., vol. 58, February, 
1936, p. 141. 
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Only one such study, made by Yarnell and Nagler,’ was available 
when the author undertook his investigation, the result of which 
showed that the current meters behaved differently under flowing- 
water conditions than they did in the still-water flume. 

Until a sufficient number of comparative tests are made, until 
further research investigations are conducted under actual service 
conditions, and until current-meter testing in America is sub- 
jected to the same rigid proof required of Mr. Gibson’s pressure- 
time method and Professor Allen’s salt-velocity method, there 
can be no wide-spread acceptance of the current meter for 
precise flow measurements where an accuracy better than 1 or 2 
per cent is required. The practical proof of accuracy, economy 
and time saving must be made before this method can be used to 
check guarantees of turbine performance. 

The author is indebted to Messrs. White and Rheingans and 
to Mr. Scoville for their opinions in regard to the author’s re- 
search investigations. 


Drying Problems of the Ceramic 
Industry’ 


R. K. Hursu.? Professor Carruthers has presented the many 
and varied factors which influence the effectiveness and the safety 
of drying ceramic products. Regulation of the procedure re- 
quires consideration, not only of the drier itself but also of the 
character of the clay material, the method of preparation and 
forming and the shape and arrangement of the ware. Drying 
difficulties may frequently be traced to improper preparation of 
the clay mass or to structural faults developed in the shaping or 
forming of the ware. Likewise, faults that become evident in the 
firing of the ware may be the result of improper drying. 

A consideration of the physical process of drying is of particu- 
lar importance in the elimination of losses by cracking and warp- 
ing of clay wares. These occur during the shrinkage period as 
a result of stresses primarily due to differences in moisture con- 
centration in different sections of the clay mass. In general, the 
drying of the ware may be considered as a two-stage process, al- 
though a third stage is sometimes distinguished. In ordinary 
operations, the second and third stages merge so completely 
that they may be considered as a single stage. With constant 
atmospheric conditions, which are maintained over considerable 
periods of time in most clay-drying operations, there is an initial 
period during which the rate of moisture loss is constant. During 
this period the surface of the ware is entirely wet and vaporiza- 
tion takes place essentially as from a free liquid surface. The 
rate of vaporization is, therefore, dependent entirely on atmos- 
pheric conditions, temperature, relative humidity and air ve- 
locity. As vaporization takes place at the surface of the ware, 
water diffuses through the pores of the clay mass from the in- 
terior. Due to the resistance of the capillaries, however, the 
diffusion is not equal in all parts of the clay mass and the decrease 
in moisture concentration is greater near the surface than in the 
interior. In this phase of the process the volume shrinkage is 
normally equal to the volume water loss. Shrinkage in propor- 
tion to the water loss in the outer portion of the clay mass or in 
the thinner sections is prevented or hindered by the lesser shrink- 
age of the other parts of the body. The unequal moisture con- 
centration in the different parts of the ware, therefore, results in 
stresses which are frequently relieved by cracking or warping. In 
part, such stresses may not be relieved in the course of the dry- 


1 Published as paper PRO-57-3, by John L. Carruthers, in the 
October, 1935, issue of the A.S.M.E. Transactions. , 

2 Department of Ceramic Engineering, University of Illinois, 
Urbana, IIl. 
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ing processes but subsequently cause deformations in the ware 
during the firing. 

The faults which develop and the ware losses in this period of 
the drying operation emphasize the need of more study of the 
process of moisture diffusion through a clay mass and the effects 
of particle sizing, grain packing, shrinkage characteristics and 
strength changes in the body during drying. Regulation of at- 
mospheric conditions so as to control the rate of surface evapora- 
tion is essential to more or less balance this with the rate of mois- 
ture diffusion through the mass. A means whereby the moisture 
concentration could be readily determined at different depths in 
the body during drying would greatly facilitate control, especially 
in the drying of large clay masses. 

The second stage or phase of the drying operation may be 
termed the falling-rate period. With constant atmospheric con- 
ditions, the rate of moisture loss progressively decreases. The 
diffusion of moisture through the ware becomes the controlling 
factor in this stage of drying, the rate depending entirely on the 
rate at which moisture is supplied to the surface where it is 
vaporized. The relative humidity of the air has a negligible 
effect but the temperature becomes increasingly important, 
since the viscosity of the water in the clay mass is decreased and 
its rate of diffusion is, therefore, increased by rising temperature. 
The time required for completion of the drying operation after 
shrinkage ends is decreased materially by higher temperatures 
in this period. 

There is a danger in increasing the temperature too rapidly 
before shrinkage is completed in that the rate of surface vapori- 
zation becomes too rapid and the rapid drying of the outer por- 
tions of the ware results in “case hardening” and increased ten- 
dency to cracking. 

Absorption of moisture from the air by the clay body in the be- 
ginning of the drying treatment is a common condition in driers 
of the progressive type. It occurs whenever the temperature of 
the entering ware is below the dew point of the air in the receiving 
end of the drier. Not only may it cause slumping or deforming 
of the ware, but it may accentuate cracking losses. In many 
cases, the difficulty is avoidable if there is sufficient air circulation 
through the ware setting. In other cases, an increased tempera- 
ture or a prewarming treatment for the ware may be desirable. 

The importance of air circulation in the drier should be espe- 
cially emphasized. The direction and velocity of air movement 
generally receives too little attention. Particularly in the case of 
close-set wares, such as brick, the air movement through the in- 
terior of the setting is generally negligible, with the result that a 
high relative humidity will develop here. The rate of drying in 
this part of the ware will be slow, while other portions of the set- 
ting, exposed to direct air movement, are dried rapidly. In some 
cases, complete drying of a car of brick may require thirty or 
forty hours while portions of the setting are completely dried in a 
fraction of that time. From the standpoint of efficiency and of 
safe drying, the air movement and air distribution in the drier 
are of major importance. Both the design of the drier and the 
placement of ware require consideration in this connection. 

In dryers of the direct-heated type, the arrangement of the 
heating units can frequently be improved. It is not always real- 
ized that the transfer of heat by convection is a much more im- 
portant factor than radiation, and, hence, existing arrangements 
do not always provide satisfactory air movement over the heating 
surfaces. Forced recirculation of air in such driers may ma- 
terially increase their overall efficiency. 

In driers of the indirect-heated type, particularly the progres- 
sive tunnel driers, the arrangement of air inlet and exhaust ports 
is an important factor in their effective operation. The schedule 
of ware movement through the drier must be taken into consid- 
eration in this connection. In these driers, a major difficulty is 
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generally found in unsatisfactory air movement through the ware 
which, as noted, results in unequal rates of drying in different 
parts of the setting. Considerable variation in the heat supply is 
commonly found when air from cooling kilns is the source of heat. 

A better realization of the importance of the drying procedure 
in manufacturing operations has resulted in recent years in con- 
siderable study of the drying process and the operation of drier 
equipment. Experimental and theoretical investigations of the 
physics of drying and of the diffusion of moisture through porous 
bodies have contributed greatly to improved control of drier op- 
erations. Considerable fundamental study of the flow of mois- 
ture through clay bodies and the character and variation of the 
moisture gradient is yet required. The effects of particle size and 
packing and of pore size and distribution need much further in- 
vestigation. The results of such study should aid greatly in the 
correlation of laboratory results and their application in the de- 
termination of effective drying schedules. In the operation of 
plant drier equipment, the adaptation of thermostatic and other 
control devices should and will undoubtedly increase. 


Enis Lovesoy.’ Professor Carruthers has given in the sum- 
mary of his paper five principal factors in the solution of drying 
problems. The third factor, “The physical characteristics of clays 
and product shapes,” is the most important one and is the least 
controllable. 

Flattening stones, tank blocks, and glass pots require weeks, 
and sometimes months, in their manufacture chiefly because of 
the difficulty involved in safe drying. The same clay mixture 
made into smaller units such as brick, for example, can be safely 
dried in 24 hours or less. 

In structural products such as brick, hollow tile, and paving 
brick, a 24-hour drying period is the basic time unit for fast- 
drying clays although many clays and shales in such ware eould 
be dried in a shorter period of time. The drying is intermediate 
between the machine operation and the kiln setting. Since these 
two stages in the manufacturing process are daily tasks, the dry- 
ing equipment is balanced with this daily operation. If the char- 
acter of the clay is such that a longer drying period is required, 
the drying equipment may have to be doubled, tripled, or quad- 
rupled to adapt the operation to the time needed to maintain the 
daily balance. 

While many of these common wares in small units dry safely in 
24 hours or less, others require from 2 to 7 days and longer. In 
one operation which came to the writer’s attention the drying pe- 
riod was six weeks and the product was a common brick. These 
extended drying periods are required because of the clay charac- 
teristics. 

There are clays and shales of wide areal extent which cannot 
be dried safely regardless of the length of the drying period and 
no matter how they are treated. The chemical treatments, men- 
tioned by Professor Carruthers, to flocculate the colloidal ma- 
terial, are but partially effective. If the clay is not excessively 
bad in its drying behavior, the chemical treatments lessen the 
drying loss, and sometimes may practically eliminate the loss, 
but the extent of the gain in these limited instances is negligible 
when these treatments are applied to a clay with extremely poor 
drying qualities. 

The writer has experimented in the laboratory and in the fac- 
tory with a western shale from which a common brick product 
was made. This ware cracked badly even before the ware could 
be taken from the machine and placed in the drier. The writer 
would not say the shale had poor drying qualities because in the 
few minutes between the machine and the drier no actual drying 
could take place. The cracking, however, was identical with that 
of a bad drying shale. 


3 Columbus, Ohio. 
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The writer found that preheating was effective in correcting the 
fault in this shale. Preheating, however, is difficult to control. 
A calcined shale was resorted to next and mixed with raw shale 
in equal quantities. This proved to be effective. 

Grog, sand, or other nonshrinking material is commonly re- 
sorted to for correcting or lessening drying faults. The effect is 
chiefly mechanical. It lessens the shrinkage, serves as a binding 
material and, if not vitrified, it absorbs some of the colloidal clay. 
On the other hand a Louisiana shale was treated with grog up to 
75 per cent at which content the mass became too weak to work, 
with no appreciable gain in drying behavior. The writer has 
tested many such clays which had to be condemned because of 
their impossible drying qualities. 

Air and gases entrapped and occluded in pugged clays are now 
being evacuated under 28-in. vacuum by the writer. The wet 
strength of a clay may be determined by bending a 1-in. wet bar 
until it cracks through. Strong clays seldom exceed a bending 
angle of 25 deg and generally the angle at which the bar cracks 
ranges between 10 deg and 15 deg. When the clay is deaerated 
the bar may be doubled on itself without cracking and can be 
tightly coiled. In the early stages of this deaeration develop- 
ment it was claimed that this treatment would greatly improve 
the drying behavior of the clays. It was reasoned that the in- 
creased wet strength would correspondingly resist the shrinkage 
strains. 

It was found that deaerating has little beneficial effect on the 
drying behavior of the clays and in a number of instances the be- 
havior has been decidedly worse. Weakness in a clay in the wet 
state is not a primary cause of bad drying behavior. 

Professor Carruthers mentions diffusion as one factor in the 
drying problem. The writer believes it to be a major factor. 
As a result of a series of tests, the writer has concluded that the 
drying behavior is affected greatly by the manner in which (1) 
the shrinkage water moves from within the mass to the surface, 
(2) the rate of this movement and (8) especially the variables in 
the rate of this movement, this latter being designated as differ- 
ential flow by the writer. This is a phase of the problem which 
has received little attention. 

An interesting field for study but one which has received very 
little attention is the relation of clay characteristics to geological 
periods. The Paleozoic shales and fire clays are generally good 
in their drying behavior. The Mesozoic Cretaceous shales and 
those of the Cenozoic Tertiary period generally are erratic in 
their drying behavior. 

The explanation given is that the Paleozoic deposits have been 
subjected to gradually increasing heat and pressure as mountain 
uplifts are approached and in consequence the colloids, previ- 
ously flocculated by humus and pyritiferous acids, have been 
more or less sintered into aggregates. The Cretaceous and Ter- 
. tiary shales are high in lignite and pyrite and all they lack are 
heat and pressure to align them with the Paleozoic shales. 

On the other hand the Cretaceous fire clays and other buff firing 
clays, despite the extreme fineness of grain of many of them, are 
widely used in clay products. However, their drying behavior 
although not always of the highest order, is generally quite good. 

Some of these clays will stand any reasonable abuse in drying 
treatment. Many of them are used in mixtures with other clays, 
flint, and feldspar, and therefore the drying fault of the clay in 
question may be hidden. Although the clays are satisfactory, 
their accompanying shales and the shales of the later Tertiary 
period must be condemned. 

Considering next the glacial clays of the Cenozoic Quaternary 
period, it has been found that, although many of them are more 
or less faulty in so far as their drying is concerned very few of 
them are absolutely worthless and many of them have excellent 
drying qualities. There is no more severe drying treatment than 
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the early Hudson process of making brick in the morning, placing 
them on the open yard exposed to sun and wind, racking them 
up late in the afternoon and placing them in the kiln the following 
day. 

The glacial clays find wide use in building-material products, 
draintile and flower pots, thus giving them a rank as practical 
drying clays. These clays are not high in pyrite nor carbon and 
they have not been subjected to any of the conditions which cor- 
rected the inherent faults of the deposits of the Paleozoic era. 
What then becomes of the theory that heat, pressure, and acidu- 
lation have corrected inherent drying faults? One explanation 
favorable to the glacial clays is that they have been developed by 
rapid grinding of unaltered rocks and not by slow disintegration 
by atmospheric agencies followed by transportation and accom- 
panying pulverization. Consequently, the glacial clays will not 
be high in colloidal clay content. 


A. E. Sracey, Jr.t As Professor Carruthers has indicated 
molds present another drying or conditioning problem in the 
making of ceramics. The amount of moisture in the mold which 
will produce a perfect product is restricted within very definite 
limits where the casting method is used. Should the mold be too 
dry, the moisture will be removed too rapidly from the slip next 
to the surface of the mold and may cause, in extreme cases, “‘pip- 
ing” and “balling.” This trouble due to too dry a mold is expe- 
rienced during the winter months, when the relative humidity 
in the shops is very low. On the other hand, during the summer 
when the relative humidity is high, the moisture in the molds will 
inerease beyond the point where sufficient water will be absorbed 
from the slip to allow the removal of the core without damage to 
the piece or without the removal of sufficient water from the slip 
to give it enough stiffness for handling. 

The determination of the proper temperatures and relative 
humidities making up a drying cycle is very important and upon 
it depends the success of the drier. The drying rate at the sur- 
face of the clay must not be greater than the rate of diffusion of 
the moisture through the clay, otherwise, strains will set up in 
the ware, causing cracking and checking. With a constant air 
motion, this rate of drying may be controlled by controlling the 
wet-bulb and dry-bulb temperatures of the air passing over the 
piece. It has been found of assistance in the building up of a 
drying cycle, not only to make weight determinations of several 
pieces at periodic intervals but also to measure the shrinkage. 

When the shrinkage ceases, the pieces are relatively safe, ex- 
cept for expansion due to increase of temperature. Relatively 
few clay mixtures are dangerously sensitive to this. At this pe- 
riod of the drying, the clay particles have assumed their final po- 
sitions relative to each other, so that there is no further danger of 
strains being set up in a piece. The rate of drying can be safely 
increased by lowering the relative humidity in the drier, by in- 
creasing the temperature, or by a combination of both. 

Drying cycles for ceramic ware consist of three definite pe- 
riods: (1) heating up, (2) soaking and drying at a controlled rate, 
and (3) final drying. 

The duration of the first period is approximately 25 per cent of 
the total time of drying, during which the ware is raised to the 
drying temperature with only sufficient evaporation to maintain 
the stiffness of the clay. 

The second period is the time of equalization and then drying 
at an increased but well-controlled rate. This may be from 25 to 
50 per cent of the total drying cycle. During the final period of 
the drying cycle, the moisture content of the ware is reduced to a 
point safe for firing. For many clay mixtures this point is about 
2 per cent, but may vary somewhat depending on the rate of heat- 
ing up. 


4 Carrier Engineering Corporation, New York, N. Y. 
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The necessity for controlled drying is important both from the 
standpoint of quality of ware and stabilization of production. 


A. O. HurxrHau.® Professor Carruthers’ paper brings to the 
fore a comprehensive list of problems in connection with the dry- 
ing of ceramic ware. The writer’s experience has brought him in 
contact with many problems of drying this product and in his 
opinion the most important factor in these probiems is the one of 
shrinkage. The writer believes that special methods of prepar- 
ing the clay is not a solution to the problem and is of the opinion 
that clay ware can be dried without cracking by properly con- 
trolling humidity and air distribution in the drier. 

The losses of ware in a ceramic plant due to cracking are al- 
ways great. As water is removed from clay products during the 
drying process, the ware shrinks and cracks because shrinking 
does not occur at an equal rate throughout the piece. The best 
known method for the prevention or reduction of cracking is the 
use of high humidity in the early stages of drying. High humidity 
holds the material in a plastic state so that the moisture can be 
evaporated at a uniform rate over the entire piece. Shrinkage 
occurs when some favorable point is selected for the drying of the 
ware. Shrinkage under this condition also sets up strains in the 
ware and results in the cracking of the pieces. 

The writers organization has developed a shrinkage gage for 
establishing the rate of shrinkage at all parts of the piece of clay 
ware on which it is mounted. This instrument enables the op- 
erator to plan the air circulation and the rate of drying so that no 
part of the piece is overstrained. It is clear that high humidi- 
ties cannot be used throughout the entire drying cycle as this 
would extend the drying beyond any possible commercial limits 
and prevent a suitable drying of the ware. 

By placing a series of these shrinkage gages at the more critical 
points on a piece of ware, the shrinkage can be observed and it has 
been the writer’s experience, after a certain stage is reached and 
the ware has a certain strength, that the remaining shrinkage in 
the ware can be disregarded and the drying from this point on can 
be hastened without harm. This point, however, varies with the 
different clay mixtures. In the case of ceramic ware, the writer 
has seen the loss due to drying cracks reduced from 10 per cent to 
0.2 per cent. It is only natural that a manufacturer of ceramic 
ware should wish to dry his material in the shortest time pos- 
sible, and as a drier will only have to be one half the size to dry 
ware in 24 hours than it would be if it required 48 hours, the 
amount of material in the process of drying is consequently re- 
duced one half. The ability to make quick deliveries, therefore, 
is increased by the quicker drying time. 

In the writer’s opinion studies made in the control of the shrink- 
age of clay ware will yield any manufacturer of either large or 
small pieces of ceramic ware a most profitable return. 


J. T. Rosson.* The writer contends that the author in giving 
his reasons for the necessity of a drying process for clay ware, as 
listed in the first paragraph of his paper, should include the fact 
that glaze application on one-fired ware such as glazed wall tile 
and glazed hollow building tile requires such preliminary drying. 
The writer bases his contention on the fact that this procedure 
with one-fired clay ware is common practice. 

In the third paragraph of the paper, the author states: ‘Also, 
several partial drying processes are used in the industry, e.g., 
drying of filtered clay for dry pressing and conditioning of clay 
blanks for turning, repressing, or ‘sticking.’”’ It might be advis- 
able to add the statement: ‘‘Partial-drying process is used in 
the face-brick industry wherein the brick are dried sufficiently 


6 Vice-President in charge of engineering, research and develop- 
ment, Proctor & Schwartz, Inc., Philadelphia, Pa. 
6 Allied Engineering Company, Cleveland, Ohio. 


hard to set on the kiln cars, which are then passed through the 
kiln-car drier and from there to the kiln.” 

Where the author refers to the elimination of ware losses, in the 
third paragraph under the subtitle “Drying Problems,” it is 
stated that: “Cracking, warping, and strains in the ware are all 
due to drying at excessive rates....’’ The writer is of the opinion 
that this should read: ‘‘Drying at excessive rates may cause 
cracking, checking, warping, and strains in the ware, due to the 
fact that these faults can also occur due to improperly designed 
dies, molds, improper handling, and uneven firing.”’ 

In the fourth paragraph under “Drying Problems” the author 
states: “Also plastic clay wares may slump if they are heated in 
a humid atmosphere that permits little, if any, drying. The in- 
crease in temperature lowers the viscosity of the water, and the 
clay-water mixture cannot support its own weight.” It is hard 
for the writer to visualize that slumping, in such a case, would be 
due entirely or appreciably to the change in the viscosity of the 
water. While it would no doubt have some effect, from all ob- 
servations the writer believes that the slumping was due to an 
increased concentration of water on the surface of the ware, thus 
tending to form a thinner slip, with lower viscosity, due to the 
inereased water content. This would decrease the yield value 
of the clay and cause it to slump. The writer will be interested 
in any further discussion regarding the cause of slumping being 
attributed to the change in viscosity of the water. 


AurTuHor’s CLOSURE 


Several of Professor Hursh’s statements are of extreme interest 
in connection with drying problems, viz., (1) the need of a method 
or device for determining the moisture concentration at different 
depths in clay ware, and (2) the need for additional research work 
on grain size, particle packing, pore structure, and shrinkage in 
connection with the flow of moisture through clay during drying. 

Professor Hursh’s remarks have extended and also amplified 
many of the important points that were outlined in the paper. 
However, it has been shown by Sherwood’ that temperature, hu- 
midity, and air velocity materially influence the drying rate dur- 
ing a considerable portion of the falling-rate period. It is true 
that such conditions, except temperature, do not affect drying 
rates during the last stage of drying. While high temperatures 
will reduce the viscosity of the water and thus aid in its movement 
toward the surface, yet it is also necessary to have these higher 
temperatures to vaporize the water at a satisfactory rate. This 
is because the vapor pressure of water (in small amounts in clay 
bodies) has been considerably reduced due to the presence of col- 
loidal material, adsorption forces, soluble salts, and perhaps 
other factors. 

Mr. Lovejoy’s statement that the physical characteristics of 
clays and product shapes are the most important factor in drying 
problems is true only in a number of cases. In others, the prob- 
lem may be best solved by consideration of drying methods or 
improvement of drier equipment. Each drying process is an in- 
dividual problem and complete analysis only can indicate the best 
method for its solution. Chemical treatment, addition of grog, 
or preheating should be used only if they are justified in the results 
obtained. 

Mr. Lovejoy’s discussion concerning the relation of clay char- 
acteristics, and hence drying behavior, to the geological periods 
of the clay formation is an interesting contribution to the subject. 
While such knowledge cannot be of much aid in solving problems 
at hand, yet it is useful in considering the possibilities of a certain 
clay for new enterprises. 

The author agrees with Mr. Stacey’s statement that “the dry- 
ing rate at the surface of the clay must not be greater than the 


7 “The Mechanism of Drying Clays,” by T. K. Sherwood, Trans. 
American Institute of Chemical Engineers, vol. 28, 1932, p. 118. 
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rate of diffusion of moisture through the clay.” With certain 
clays and products, no damage is done when the drying rate is 
very high. However, it is the author’s opinion that each clay 
and product shape has a definite limiting moisture-concentra- 
tion gradient from the surface to the interior of the section that 
will cause cracking to take place. If vaporization and diffusion 
can be balanced to produce a nearly straight-line gradient with 
not too great a slope and hold it fairly constant while shrinkage is 
taking place, then safe drying will be obtained. The slope or 
shape of the gradient is really the determining factor. 

It is true “that clay ware can be dried without cracking by 
properly controlling humidity and air distribution in the drier,” 
as pointed out by Mr. Hurxthal, but in many cases the time of 
drying can be materially reduced and the factor of safety in- 
creased if changes in the characteristics of the clay can be brought 
about by some of the treatments described by the author without 
affecting the quality of the finished product. Treatment of the 
clay as an aid in working out drying problems has proved bene- 
ficial in a number of cases that could not be solved satisfactorily 
from both technical and economic viewpoints by control of dry- 
ing conditions. 

Improperly designed dies and molds, lamination, improper 
handling, and uneven firing can be considered as causes of crack- 
ing, checking, warping, and strains in the ware as indicated by 
Mr. Robson. However, when such faults prevail, the drying 
rates must be very low to prevent the occurrence of these troubles. 
The solution of drying problems is often found through correction 
of materials, equipment, and processes which are not a part of 
the drier system. 

The author pointed out that slumping was ordinarily due to 
absorption of additional water that had been condensed on ware 
faces whose temperatures were below the dew point of the drying 
air. The author’s statement regarding the lowered viscosity of 
the water as a possible cause of slumping was based on results ob- 
served in test work. When hot clay and water are mixed into a 
plastic mass, less water is required to develop a certain consist- 
ency than when the mixture is cold. Also, samples of plastic clay 
were heated rapidly, with practically no drying, by passing an 
alternating current through the mass. The increase in tempera- 
ture with no reduction in moisture caused the samples to slump. 
Large clay pieces heated in a humid atmosphere have been ob- 
served to slump. Such actions were attributed to a lowering of 
the viscosity of the water. 


Safe Operation of High-Speed 
Locomotives’ 


F. W. Carrer.? Mr. Cain’s paper is a welcome contribution 
to a subject in which the correlation of theory and practice is 
more than ordinarily difficult, and indeed in which theory can 
hardly go beyond indicating tendencies. In this connection the 
writer quotes from the introductory paragraphs of the paper in 
which the question of the stability of running of locomotives was 
first discussed comprehensively.* 

“In applying mathematical analysis to such a subject as the 


1 Published as paper RR-57-3, by B. S. Cain, in the November, 
1935, issue of the A.S.M.E. Transactions. 

2 Consulting engineer, The British Thomson-Houston Company, 
Ltd., Rugby, Eng. 

2“On the Stability of Running of Locomotives,” by F. W-. Carter, 
Proceedings of the Royal Society of London, series A, vol. 121, 1928, 
p. 585. The term “‘stability” as applied to a motion is used in a 
precise technical sense. If a locomotive, conceived as running 
perfectly steadily on uniform track, is assumed to be diverted a 
little from the steady state, its motion is stable or unstable accord- 
ing to its tendency to return naturally to steadiness or depart further 
from it. 
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present, it is necessary to assume that all parts fulfill their inten- 
tions; though, actually, few do so perfectly. The track is as- 
sumed smooth, uniform, and level; the clearances required by 
mechanical considerations, except in so far as they enter into the 
problem, are assumed to be zero; lubricated slides are assumed 
frictionless; and so on. It must be postulated that a tendency 
shown by a machine in which the parts fulfill their intentions will, 
in general, evince itself in some form in such machines as can ac- 
tually be constructed. The observed phenomena are likely to re- 
flect the conditions in being less definite, less regular, and more 
catastrophic than the analysis would indicate; and the results of 
the present analysis are not expected to possess metrical value of 
a high order. This, however, is in the nature of the subject and 
does not detract from the value of the study of tendencies, and 
the importance to the designer of a knowledge of conditions tend- 
ing to produce stable running.” 

The writer does not agree with Mr. Cain that the coning of the 
wheel treads is among the causes of instability of running. This 
coning causes any divergence from a straight path to result in a 
sinuous motion whose natural increase is a manifestation of in- 
stability, but in itself it appears to make for stable running. Itis 
true that, in certain earlier work,‘ the writer has assumed that 
the conditions of stability are not appreciably affected by the 
coning of the wheel treads, for coning introduces complications 
that the writer was then unwilling to face, and accordingly took 
refuge in the plea now produced by Mr. Cain, that the coning is 
small and, in operation, variable and uncertain. As a conse- 
quence of the assumption of zero coning, certain erroneous con- 
clusions were promulgated; the running is, in some cases, if not 
in general, more stable than these conclusions would indicate, for 
the coning, although small, has appreciable effect. 

For instance the 0-4-4 locomotive, which on the simpler theory, 
as Mr. Cain points out, tends to buckle its wheel base, neverthe- 
less has a region of stability even at considerable speed, as is 
shown in the papers to which Mr. Cain refers. This is conditional 
on the centering force for small displacements being suitably 
moderate, i.e., the centering should be elastic and should not lock 
at the central position. Another locomotive which the simpler 
theory condemns is the symmetrical locomotive having a truck at 
each end. Certain steam locomotives of the so-called Baltic 
type (4-6-4) are used for passenger service on the Southern Rail- 
way and are said to run with exceptional steadiness. The writer 
must confess that he was dubious about this, particularly as one 
of the locomotives was involved in a derailment. In endeavor- 
ing to determine the cause of the derailment, however, the writer 
was astonished to find the locomotive stable throughout a con- 
siderable region. The calculation and results are given in an 
appendix to the I.C.E. paper to which Mr. Cain refers.* 

The investigation of stability of running indicates that a cer- 
tain suitable elasticity, depending on the design of locomotive, is 
required in the centering devices if natural stability is to be at- 
tained. Devices which lock at the central position do not satisfy 
this condition and never result in real stability. If the elasticity 
required for stability is not suitable for guiding the locomotive on 
curves, it should be made auxiliary to the latter, as is indicated 
in the I.C.E. paper to which reference has been made.*® 

It should be noted that the sinuosity of motion arising from 
the coning of the wheels, being periodic in space, has a time period 
which varies with the speed of the locomotive. If this time period 


4“Railway Electric Traction,’ by F. W. Carter, Edward Arnold 
& Co., London, Eng.; Longmans, Green and Company, New York, 
1922, chap. 2. 

5 ‘The Running of Locomotives With Reference to Their Tendency 
to Derail,” by F. W. Carter, selected engineering paper, The Insti- 
tution of Civil Engineers, 1930. 

© U.S. patent no. 1,851,382. 
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can correspond with the rolling period, or other natural period of 
oscillation of the locomotive, within the range of operative speed, 


_ the oscillation in question is likely to be aggravated by resonance 


_ when running at the appropriate speed. 


B. F. Lancer? Mr. Cain has studied many of the same prob- 
lems as were worked on by J. P. Shamberger and the writer, and 
states that his calculations are not in agreement with ours.* This 
is correct, but he should also have pointed out the more important 
observation that the stated conclusions regarding locomotive de- 
sign are in perfect agreement, despite different methods of attack. 

The actual numerical value of the creepage coefficient is un- 
certain and its presence in a formula for critical speed is not de- 
sirable. It is interesting to note in the author’s formaula for criti- 
cal speed that if all the wheels in an axle group have equal size and 
loading, which is usually the case, the creepage coefficient cancels 
out and the critical speed becomes independent of the numerical 
value of this coefficient. 

In the author’s treatment of the effect of lateral clearances on 
critical speed he assumes that “the motion of the frame laterally 


_ with respect to the axle is proportional to the motion of the axle 


laterally with respect to the track and that the internal clearance 
is taken up at the same time as the track clearance.” This is not 
a reasonable assumption if the vehicle has a spring-borne mass 
which rolls from side to side. In such a case, if the amplitude of 
roll is sufficient, the hub clearance will be taken up on one side 
for all axles at the same time, which is not the case for the 
author’s assumption. - The result of his analysis is a formula from 
which it might be concluded that large track clearances are ad- 
vantageous since they raise the critical speed. This is contrary 
to general belief and contrary to Mr. Cain’s own beliefs as stated 
in his conclusions. 

In the study of operation on curves it is possible to avoid the 
method of successive approximations suggested by the author. 
Heumann? has developed a direct graphical method which the 
writer found very convenient in locating the equilibrium position 
of a wheel base on a curve. 

The fact that Mr. Cain’s conclusions regarding locomotive de- 
sign agree so well with those already drawn by Mr. Shamberger 
and myself,® despite different methods of analysis, is very inter- 
esting and adds strength to the validity of both papers. 


AvuTHor’s CLOSURE 


The author agrees with Dr. Carter’s remarks, which are based 
on the conditions of running of a locomotive in which there are no 
flange impacts. The question of stability under these conditions 
is noted very briefly on page 473 of the paper* where oscillations 
started by inherent instability are discussed. Dr. Carter states 
that stability under these conditions requires truck-centering de- 
vices with proper elasticity, without a central lock. The central 
lock, however, has such advantages on high-speed curves and on 
rough track that its use is very general on high-speed electric loco- 
motives, most of which therefore are unstable according to Dr. 
Carter. The actual side thrusts resulting from this instability 
are, however, very small indeed for the large locomotives with 
long wheel bases on which the author has the most complete ex- 
perimental data. Even a perfectly stable locomotive, according 
to Dr. Carter, will become involved in flange impacts resulting 
from curves and rough track. The practical problem is to study 


7 Mechanics Division, Westinghouse Research Laboratories, East 
Pittsburgh, Pa. 

3 “Lateral Oscillations of Rail Vehicles,” by B. F. Langer and J. P. 
Shamberger, Trans. A.S.M.E., vol. 57, 1935, paper RR-57-4, p. 481. 

*“Jum Werhalten von Eisenbahnfahrzeugen in Gleisbogen,” by 
Dr.-Ing. Heumann, Organ fir die Fortschritte des Hisenbahnwezens, 
1913, p. 104. 
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the stability and the size of the side thrusts under the worst con- 
dition, i.e., when the locomotive is producing heavy side thrusts 
between the flanges and the rail. 

In this case, the conditions are actually less variable than in the 
absence of flange impacts. Hence, it becornes possible to include 
the variations of track, the finite clearances between moving 
parts and the friction in springs and slides, and to approach rea- 
sonably close by calculation in many cases to the actual values of 
force which have been measured accurately in service. 

Under these conditions of fairly regular flange impact, which 
are not the same as those considered by Dr. Carter, the author be- 
lieves that the effects of coning of wheels are small. Without 
heavy flange impacts, it has been observed rather generally on 
ear trucks that coning makes for steady running except in hi gh- 
speed cars for which the weight of the trucks is a comparatively 
large proportion of the total weight. In this case, the advan- 
tages of the cylindrical tread depend on its action during the 
light flange impacts which occur from time to time. 

With regard to the oscillation from coned wheels being periodic 
in space, this is no doubt true as long as flange impacts are negli- 
gible. As soon as these blows become serious, however, the os- 
cillation changes its nature completely and the author has ob- 
served in many locomotives that this oscillation has a nearly con- 
stant period which is independent of the speed of the locomotive. 
This may be the period of roll or may be the natural period of 
nosing during flange impact, as mentioned on page 476 of the origi- 
nal paper.? 

Mr. Langer states, in regard to the differences between his and 
the author’s studies, “that the stated conclusions regarding loco- 
motive design are in perfect agreement, despite different meth- 
ods of attack.” This is true regarding most of the general state- 
ments, and is due to the use of similar basic ideas. It is believed, 
however, that this general agreement should not conceal the fact 
that Messrs. Langer and Shamberger obtain theoretical critical 
speeds of locomotives about 50 per cent higher than those ecalcu- 
lated from the formulas given by the author on page 475 of the 
original paper. This results frorn mathematical inconsistency in 
their assumptions, comparatively unimportant in most of their 
conclusions, but making it necessary to examine the further ex- 
tension of their formulas with great care to insure that results are 
not obtained which originate in this inconsistency. The very 
fact that Mr. Langer agrees so closely with general conclusions 
arrived at in the paper makes it more necessary to point out such 
actual differences as are inherent in the calculations. 

Mr. Langer states that the presence of the uncertain creepage 
coefficient in the formula for critical speed is not desirable. How- 
ever, he points out that the coefficient cancels out if the wheels 
are equal and equally loaded. It will also be found that with 
different wheel sizes and weights, a large variation in the creep- 
age coefficients produces very slight change in the critical speed. 
In any case, the same objection can be raised to the uncertain 
values of friction or whatever other kind of force is assumed to 
act at the wheel treads. 

Mr. Langer has raised an interesting question in connection 
with the approximation suggested in the paper for the effect of 
internal clearance. This approximation is actually useful in 
many cases in considering the effect of changes in internal clear- 
ance. It leads directly to the result that large internal clear- 
ances result in low critical speed, which is generally true. When 
it is a question of keeping the internal clearance constant and 
varying the track clearances, the superficial indication that 
large track clearances are desirable is not in accordance with the 
facts, as Mr. Langer points out. For one reason, an increase in 
track clearance means a roughly proportional increase in the os- 
cillation energy and the approximation cannot be expected to 
hold very well under this condition. Second, the increased mo- 
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tion results in increased foree, so that when reasonable track ir- 
regularity is assumed, a slight increase in critical speed may be as- 
sociated with rougher riding, due to the increased motion. 

Third, this is an excellent example of the importance of treat- 
ing these simplified formulas only as first approximations, and of 
carrying the calculations beyond the value of the critical speed 
to the actual value of the lateral forces. When allowance is made 
for rolling and other motions of the locomotive, as well as for 
rough track, it will be found that the theory closely parallels the 
observed facts and that the approximate treatment of internal 
clearance suggested in the paper is useful, at least in the pre- 
liminary calculations. No more is claimed for it. 


Radiation From Nonluminous 
Flames’ 


Bernarp Lewis. It is gratifying that the simplicity of the 
relationships governing radiation from flame gases to which the 
early work of Paschen and Schmidt pointed but which has been 
frequently overlooked, has been so unambiguously confirmed in 
this work of Messrs. Hottel and Smith. Thus the thermal 
origin of the radiation from the burned gases which have emerged 
from the reaction zone is established. The calculation of heat- 
transmission problems is thus considerably advanced. 

While the foregoing holds for the burned phase which has 
come to equilibrium, it might be asked to what extent chemi- 
luminescence forms a part of the radiation from the gases which 
are in the act of reaction. As is well known, the reaction zone 
is confined to a narrow boundary region separating burned from 
unburned gases. Here, one would expect the presence of highly 
energized molecules or radicals which conceivably may alter the 
intensity distribution of the emitted radiation to a considerable 
degree. Thus, for example, Kondratjew* points out that the 
shift toward longer wave lengths of the emission bands in the 
hydrogen-chloride flame compared with the absorption bands in 
hydrogen chloride is an indication of the presence of highly 
energized hydrogen-chloride molecules, in numbers far greater 
than is given by equilibrium conditions. In this connection an 
interesting discussion is found in the literature on the radiation 
from carbon-monoxide flames. Gamer and Johnson‘ observed 
the radiation and flame speeds of stoichiometric mixtures of 
carbon monoxide and oxygen in tubes, the observations on radia- 
tion being made through the unburned gas in the direction of the 
approaching reaction zone. A considerable amount of radia- 
tion was observed which depended to a marked degree on the 
presence of water vapor. The addition of small amounts of the 
latter, of the order of two per cent, had the effect of decreasing 
the radiation some fourfold and simultaneously increasing the 
flame speed about tenfold. Gamer and Johnson proposed that 
the radiation from the reaction zone of a dry carbon-monoxide 
flame was essentially chemiluminescent in character and that 
the action of the water vapor consisted in quenching the highly 


1 Published as paper PRO-57-4, by H. C. Hottel and V. C. Smith 
in the November, 1935, issue of A.'S.M.E. Transactions. 

2 Physical Chemist, Pittsburgh Experiment Station, U. S. Bureau 
of Mines, Pittsburgh, Pa. 

3 Journal of Exrperimenial and Theoretical Physics (Russia), vol. 3, 
p. 265, 1933. 

4 “The Effect of Water on the Infra-Red Emission From the Flame 
and Explosion of Carbon Monoxide and Oxygen,” by W. E. Garner 
and C. H. Johnson, Philosophical Magazine, vol. 3, series 7, 1927, p. 
97. “The Effect of Catalysis on the Speed of Flame, Infra-Red 
Emission and Ionization During the Combustion of Carbon Mon- 
oxide and Oxygen,”” by W. E. Garner and C. H. Johnson, Journa/? 
of the Chemical Society, London, 1928, p. 280. 
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energized molecules. On the other hand, Wohl and von Elbe® 
point out that the results of those authors do not exclude the 
possibility that the radiation is for the most part thermal in 
character and that the effect of the water vapor is purely to 
accelerate the flame speed catalytically and thus decrease the 
time during which radiation is emitted. The fact that the 
decrease in radiation is not strictly proportional to the increase 
in speed is, according to Wohl and von Elbe, due to cooling of 
the gases in the slower explosions thus reducing their radiation 
intensity. The emissivity observations of Hottel and Smith 
do not seem to indicate an influence of water vapor (compare 
for instance Runs No. 58 and 59M, Table 2). It should be 
borne in mind, however, that the authors’ observations were 
made in the burned gases above the cones and thus are not 
strictly applicable to the present case which should receive inde- 
pendent investigation. This is a live field for fundamental 
studies which is probably not confined to carbon-monoxide 
flames alone. However, it appears that, from an engineering 
point of view, the information on radiation contained in this 
paper is complete. One may safely say that anomalous radia- 
tion effects reported in the literature are too small to affect 
engineering calculations, but it is recognized that such anomalies 
may provide valuable information on the mechanism of the 
explosion process. Such studies are being carried out at the 
U. S. Bureau of Mines. 

On examining the data in Table 2 of the authors’ paper, one 
observes rather wide variations in the measured flame tempera- 
tures for identical mixtures. This can be accounted for by 
different linear speeds of the gases. For identical mixtures the 
higher the linear gas velocity the higher the flame temperature. 
Since the observations were always made at the same height 
above the burner this simply means that the faster moving gases 
have suffered less heat loss on arriving at the point of observation. 
An indication of the reproducibility of the results is given by the 
close agreement of the flame temperatures of similar mixtures 
for identical conditions of flow velocity. That heat losses are 
considerable under the conditions of these experiments is indicated 
by the fact that measured flame temperatures are very much 
below the theoretical flame temperatures. 

The dependency of fame temperature on flow velocity of the 
gases, for the same point of observation relative to the burner, 
is to be found in other investigations. In some instances a rather 
striking phenomenon is observed, namely, that the measured 
flame temperatures not only reach their theoretical values but 
actually transcend them. Since the phenomenon has received 
very little attention to date it seems worth while to stress its 
existence. Thus Minkowski, Miller and Weber-Schafer* have 
published data obtained on mixtures of illuminating gas and air 
of known composition, which show that the flame temperatures 
as determined by the sodium line reversal method at some fixed 
point above the burner, is a function of the linear velocity of the 
gases. Guided by similar observations in these laboratories, 
Dr. G. von Elbe-and the writer have compared their experi- 
mental flame temperatures with theoretical temperatures and 
have found, in certain eases for high flow velocity, that the 
observed temperatures are considerably above the theoretical 


3**Die WaArmeverluste bei trockenen Explosionen beruken auf 
Luminiscenzstrahlung. Zugemischter Wasserdampf léscht die 
Luminiscenz,” by K. Wohl and G. von Elbe, Zeitschrift far Physika- 
lische Chemie, vol. 5, 1929, p. 262. 

““Spezifische Warme und Dissoziation von Gasen bei hohen Tem- 
peraturen,” by K. Wohl and M. Magat, Ibid., vol. 18, 1932, p. 117. 

® “Uber die Bestimmung der Ubergangswahrscheinlichkeit der D- 
Limien des Natriums aus absoluten Helligkeitsmessungen, die Dis- 
soziation von Natriumsalzen und die Halbweite der D-Linien in der 
Leuchtgas-Luftfiamme,” by R. Minkowski, H. G. Miller, and M. 
Weber-Schifer, Zeiischrifi far Physik, vol. 94, 1935, p. 145. 
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We believe the phenomenon to be another manifestation 


, of the excitation-lag effect which consists in the dependency of 


shy 


specific heats on time.? When a gas consisting of diatomic or 


\ polyatomic molecules is heated suddenly, the vibrational degrees 


of freedom do not respond immediately to the absorption of 


! 


energy, but do so only in the course of time. This results in 
momentary excess of translational energy and therefore initial 
temperatures higher than correspond to thermal equilibrium. 
The effect was observed originally in velocity of sound experi- 
ments and later in closed-vessel explosions.” 


Lateral Oscillations of Rail Vehicles’ 


A. Grest-Giestincen.?. The model tests made by the authors 
according to an ingenious method, make their presentation par- 
ticularly interesting. The writer is not prepared at this time to 
go into a detailed discussion of this still very controversial sub- 
ject (see “Safe Operation of High-Speed Locomotives,” by B. S. 
Cain, Trans. A.S.M.E. vol. 57, November, 1935, paper RR-57- 
3), but a preliminary opinion would support most of the general 


conclusions made, except the recommended high frequency of 


roll which very much contradicts the writer’s practical experience. 
It appears desirable to go through the critical range during ac- 
celeration near 25 mph for example, taking suitable measures to 
limit the amplitude should such speed be maintained occasionally. 
Further, where the track is good, the height of the center of 
gravity is unimportant within practical limits. 

The staggered rail joints in this country are a distinct disad- 
vantage, tending to produce both nosing and rolling, which 
should be emphasized because the remedy could immediately be 
begun when making rail renewals. The rail length should at 
least be doubled. 

It is not accidental that the first detailed studies of the subject 
of oscillations were made by representatives of the electric indus- 
try; not only is this industry more accustomed to allow the scien- 
tific man some chance for time-absorbing investigations, but 
there was also more need for such because experience has shown 
that electric locomotives are usually worse offenders than steam 
locomotives in their effect on the track. It is likely that the in- 
ternal forces of the steam locomotive, especially those from the 
reciprocating masses, though undesirable in principle, often pre- 
vent objectionable sustained nosing and rolling which would re- 
sult from the track forces alone, because of interference with the 
latter. While it appears that steam-locomotive designers gen- 
erally have done well in their attempts to obtain fairly good 
running qualities, in spite of their crude design methods, it is in- 
deed time that this subject of running qualities receive full scien- 
tific attention. This refers also particularly to cars, the truck de- 
sign of which leaves much to be desired; even the most recent 
high-speed trains appear to be rough riders and vibrate objec- 
tionably. The writer believes that the task of improving the 
riding qualities of cars is particularly pressing at present. 


AutHors’ CLOSURE 

The chosen natural frequency of roll must necessarily be a com- 
promise between the requirements for high critical speed and the 
requirements for lateral flexibility. By proper choice of the 
wheel spacing and weight distribution it is quite possible to go 
through resonance in roll at 25 mph and still have a high critical 
speed. This may be seen from Fig. 9, which was calculated for a 
natural frequency of roll of one cycle per second. The natural 


7 Lewis and von Elbe, Journal of Chemical Physics, vol. 3, p. 63, 
1935. 

1 Published as paper RR-57-4, by B. F. Langer and J. P. Sham- 
berger, in the November, 1935, issue of the A.S.M.E. Transactions. 

2 Mechanical Engineer, New York, N.Y. Mem. A.S.M-E. 
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frequency of vertical motion is apt to be two or three times as 
high as that for roll. Therefore, if a locomotive designed to go 
through its rolling resonance at 25 mph were operated on a track 
with the joints placed opposite each other instead of staggered, it 
would have a resonance point in the high-speed operating range. 

The authors are by no means ready to admit that the electric 
locomotive is inherently a worse offender on the track than the 
steam locomotive. This impression may have been erroneously 
created by a combination of circumstances. One is that a high- 
speed steam locomotive is so uncomfortable at its best that a low- 
frequency oscillation is not noticeable in the cab. Another is 
that high-speed double-end operation is expected of electric loco- 
motives but not of steam locomotives, and in making his electric 
locomotive symmetrical there is a tendency for the designer to 
decrease the lateral restraint of the trucks too much. 

The authors agree heartily that the task of improving the rid- 
ing qualities of cars is particularly pressing at present. 


The Design and Performance of a 
High-Pressure Axial-Flow Fan’ 


©. E. Pecx.2. The authors have developed a fan which is of 
particular interest from the standpoint of its actual test per- 
formance as well as the theoretical basis on which it was designed. 

The actual test performance shows a very flat horsepower 
characteristic, which has not been the case with the average type 
of axial-flow fan on which test data are available. This is probably 
due to the fact that the usual propeller type designed for higher 
pressure outputs has (1) large pitch angles, (2) large relative 
change in blade angle from hub to tip, (3) ratio of inside diameter 
to outside diameter 0.5 or less. These proportions may give 
satisfactory and efficient performance at the point for which they 
are designed, but as the pressure increases the losses increase 
much faster than they would if (1) pitch angles are small, (2) 
change in blade angle from hub to tip is small, (3) ratio of inside 
diameter to outside diameter is large, such as 0.70 in the authors’ 
fan. 

The authors outline a theoretical basis for design of the fan 
based on two methods: (1) A design based on effect of mutual 
blade interference in a cascaded series of airfoils, the blade- 
interference factors being obtained from wind-tunnel tests; 
(2) a design based on the equations used by O’Brien and Folsom.? 
In reviewing this the writer finds that the equations of O’Brien 
and Folsom are used in either case as far as fundamental form is 
concerned, and the difference in the two methods of approach 
lies in what values should be used for lift and drag coefficients in 
applying the air-foil theory. One method uses the values of 
lift and drag coefficients obtained in wind-tunnel tests and cor- 
rected to values corresponding to infinite ratio of length of air- 
foil to width, infinite aspect ratio. The other method uses the 
values obtained for infinite aspect ratio and corrects them for 
mutual blade-interference effects. The latter method seems to 
check much closer the actual test values for this particular fan. 

The writer has had the opportunity to build and test a fan 
based on the theory outlined in Tietjens’ paper. This fan is, 
described in a paper published recently.* This fan was based 

1 Published as paper AER-57-1, by L. 8. Marks and Thomas Flint 
in the October, 1935, issue of A.S.M.E. Transactions. 

2 Power Engineering Department, Westinghouse Electric and 
Manufacturing Co., East Pittsburgh, Pa. Mem. A.S.M.E. 

3 “Propeller Pumps,” by M. P. O’Brien and R. G. Folsom, Trans. 
AS.M.E., vol. 57, 1935, paper HY D-57-3, pp. 197-202. 

4 “The Propeller-Type Fan,” by O. G. Tietjens, Trans. A.S.M.E., 
vol. 54, 1932, paper APM-54-13, pp. 143-152. 

s ‘An Air-Foil Type Propeller Blower for Ventilating Electrical 
Machines,” by C. E. Peck and M. D. Ross, Trans. A.S.M.E., vol. 57, 
1935, paper FSP-57-13, p. 417. 


248 


on the principles outlined in Tietjens’ paper and the calculated 
performance checks very closely with the test performance in 
several ways. (1) Pressure-volume curve up to inflection point; 
(2) efficiency calculated checked reasonably well with test; 
(3) angle of attack at point of inflection corresponded to the 
“burble” point of air-foil sections used. In searching for reasons 
why we had success in predicting performance, the following 
may be mentioned: 

(1) The values of lift and drag were used from air-foil sections 
having an aspect ratio of 5 or 6 to 1 instead of infinite as used by 
Marks and Flint! and O’Brien and Folsom.® 

(2) No correction was made for mutual blade interference as 
it was found by tests that using lift and drag values correspond- 
ing to aspect ratio of 5 and 6 to 1, the number of blades could be 
varied over a wide range without affecting the calculated per- 
formance per blade as long as the space between blades at the 
hub was equal to or greater than the width of the blade. The 
number of blades was varied from 6 to 12 without decreasing 
the thrust per blade. A fan with 24 blades spaced approxi- 
mately so that space between blades was one half blade width 
gave about half the calculated thrust per blade. Removal of 
every other blade resulted in an increase to the full calculated 
value of thrust per blade. Although these observations are 
rather incomplete and were performed only on a single fan, the 
general conclusion was that blade-interference effects on the 
fan were small as long as the proper blade-spacing arrangement 
was adhered to. From this the writer infers that as far as fan 
performance is concerned, the values of t/e (separation/chord 
length) can be varied considerably without having to be concerned 
about mutual interference effects. The results of the cascade 
tests made in a wind tunnel seem to disprove this, however, 
because based on these tests the variations in thrust per blade 
would be quite sensitive to blade spacing. 

(3) There may be some slight differences in the fundamental 
theory between that outlined by Tietjens‘ and by O’Brien and 
Folsom,* but this does not explain the wide difference between 
calculated and test results found by the authors. The writer 
believes that the actual values of lift and drag used explain a 
considerable portion of the discrepancy found, and believes that 
values of lift and drag coefficients based on finite aspect ratio 
will give more accurate calculated results. 

For instance, the properties of the air-foil sections shown in 
Fig. 4 of the authors’ paper are based on infinite aspect ratios. 
The actual wind-tunnel tests were made with an aspect ratio of 
6 to 1, and the test results give lift coefficients as much as 25 
per cent lower than those for infinite ratio. 

The writer believes that it is more reasonable to use the finite- 
aspect-ratio data when applying them to fan design because con- 
ditions at the hub and tip are such that something equivalent to 
induced drag is taking place. In general, the aspect ratio of the 
blade itself is much less than 6 to 1 so that end effects at hub and 
tip are appreciable compared to blade length. This would be 
particularly true of the fan described in this paper since aspect 
ratio of blade at hub is less than one. In addition, the projected 
axial width of the blade is small so that it will be more sensi- 
tive to clearance conditions between the blade tip and the fan 
housing. 

The writer has applied Tietjens’ theory to the fan described 
in the paper and finds that when using lift and drag values for 
the finite-aspect ratio data given in N.A.C.A. Report No. 460, 
he can check the delivered pressure and blade angles given quite 
closely. 

This work is shown below. From Tietjens’ paper, Equation 
[14], we may write that the incremental thrust d7’ at blade 
radius r is 

CL pC wr atinteee ee ae {1] 
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where T = C,bv/2 
p = fluid density, 
w = angular velocity 
I = aerodynamic circulation 
C, = coefficient of lift, 
b = width of blade 
v = velocity relative to blade 
The desired total thrust may be obtained by assuming I constant 
and integrating Equation [1], which gives 


a == pl constw (To? = 71?) SAI i ie eS ec, (2]} 


where 72 = outside radius of fan and 7; = inside radius of fan. 
Now it should be noted that in the usual design we do not wish 
I to be constant over the blade area in the actual design, but 
solution of Equation [2] for Yoonst gives us an approximate 
idea of the magnitude of circulation necessary to carry out the 
design and obtain the desired total thrust. 

Using Fig. 8 of the authors’ paper, we find at the point of 
maximum efficiency that the volume is about 4000 cfm and 
static pressure is 4 in. of water without guide vanes. The calcu- 
lation will be shown as to how blade angle at hub would be 
determined to deliver this pressure and volume. For the re- 
mainder of the fan area the calculation procedure would be 
duplicated at several points on the radius and the total thrust 
could be obtained by numerical integration. This total should 
check the desired total. 

, iy 
Prom, Equation [2] cos —=" == ee 
(ro? —— 11”) 

on T = Ap,, where A = fan area in sq ft. p, = static pres- 
sure plus axial component of dynamic pressure in pounds 
per sq ft = 25.2; based on 4 in. water static pressure and 0.84 
inches of water axial dynamic pressure. p = 6.49 X 107 
lb per min per ft4. 

The tangential velocity of air at fan exit is given by the rela- 


tion 
Vus ae U — 1/2 qv" 2 


r) behets [3] 


U = tangential velocity of blade section in fpm. 


1295 sq ft based 


In this fan the ratio of hub diameter to outside diameter is 
so large that the circulation T is practically constant over the 
entire blade area. Hence, take I in Equation [3] = 1295 sq ft. 
Vus = 4000 fpm, using value of r equivalent to hub radius. 
Now from Equation [5] of the authors’ paper 


V; 
(U — 1/2Vus) 


V, = 3860 fpm based on 4000 cfm volume. 
Now the velocity v relative to blade at the hub is 


tan B = = 0.361 and 6 = 19 deg 52 min 


r 


f_ oy 11,380 fpm 
1B 


Now T = C,bv/2, and we know all quantities except C, and 5. 
If we assume either one, we can determine the other. We know 
the fan width at the hub is about 5.7 in. from data given in the 
paper, hence C,;, = 0.48, and this corresponds to an angle of 
attack of about 1 deg for the blade shape corresponding to air- 
foils referred to for finite aspect ratio of 6 to 1. Thus, B + a 
= 20 deg 52 min, which checks closely the authors’ blade angle 
of 21 deg 15 min at fan hub. 

The conclusion to be drawn from this approximate calculation 
is that the fan could have been predesigned reasonably accurately 
using lift coefficients for finite-aspect ratio air-foils. If we had 
used the lift coefficients for finite-aspect ratio air-foils. If we 


F 
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had used the infinite-aspect ratio data, the angle of attack would 
have been about (—1 deg) and a + 8 would be 18 deg 52 min, 
and the fan would deliver less than designed for. If we used the 
eascade-series data correction, the calculation would be con- 
siderably in error, since such large correction factors for Cy are 
indicated in this data, and the fan would deliver much more 
than designed for. Hence, the use of the finite-aspect ratio data 
seems to indicate that corrections for mutual blade interference 
are not nearly so large as indicated by the factors given in Fig. 1 
of the authors’ paper. 


AuTHOoRS’ CLOSURE 


There are several errors in the equations given near the top of 
page 388 of the authors’ paper. Jn the equation for C,, the minus 
sign should be changed to plus. In the equation for C,, a con- 
stant k should be added before C,, and the number 0.4555 should 
be changed to 0.0091. The right-hand side of the equation for 
T should be multiplied by 1/2. 

The interesting discussion by C. E. Peck is in error in ascribing 
the equations used in the “Discussion of Test Results.” The 
equations there given are the standard equations of air-foil theory 
and owe nothing to O’Brien and Folsom. 

The flat horsepower characteristic was one of the special ob- 
jectives of the design and was obtained by increasing the length 
of chord of the air-foil section in preference to the more usual pro- 
cedure of increasing the angle of attack as the hub was ap- 
proached. 

Since the presentation of this paper, the authors have received 
a recent monograph by C. Keller entitled “Axialgeblise vom 
Standpunkt der Tragfligeltheorie,’”’ published by A. G. Gebr, 
Leemann & Co., Ziirich, Switzerland. This exhaustive theoreti- 
eal and experimental study of axial-flow fans is based upon wind- 
tunnel investigations of cascaded series of air foils. The results 
of these cascade tests should be given preference to the admit- 
tedly less complete and less exact tests reported by the authors. 
Using the cascade test data, axial-flow fans were built with 4, 6, 
10, and 20 blades, the blades being rotatable so that the angles 
of incidence could be varied. These fans were investigated with 
inlet guide vanes, also of adjustable angle. An elaborate series 
of tests, varying both the angle of incidence and the guide-vane 
angles, determined the characteristics of these fans and gave 
total efficiencies up to 84 per cent. 

This monograph establishes a new point of departure for axial- 
flow fan design and renders obsolete much of the work which had 
preceded it. As it supports very definitely the procedure of the 
authors in basing design on cascade tests, it may serve as a reply 
to Mr. Peck’s criticism of this procedure. 


An Airfoil-Type Propeller Blower 
for Ventilating Electrical Machines’ 


L. S. Marxs.2. The authors state that “Mutual interference 
of one blade upon another was found to be very small with this 
spacing.’ It would be interesting to know on what this state- 
ment is based. For very similar conditions the writer has found, 
from actual wind-tunnel tests, that the mutual interference is 
very considerable and reduces the lift of each blade by 30 to 40 
per cent. The data on this matter are given in Fig. 1 of paper 
AER-57-1, by L. S. Marks and Thomas Flint on ‘The Design 
and Flow of a High-Pressure Axial-Flow Fan,” published in 
the October, 1935, issue of the A.S.M.E. Transactions. 


1 Published as paper FSP-57-13, by C. E. Peck and M. D. Ross, 
in the October, 1935, issue of the A.S.M.E. Transactions. 

2 Professor of Mechanical Engineering, Harvard University, Cam- 
bridge Mass. Mem. A.S.M.E. 
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In measuring air volumes the authors used nozzles for which 
they assumed a discharge coefficient of 0.98. This value would 
be accurate enough for a nozzle discharging from a large vessel 
to the air or to another large vessel, but Fig. 4 shows the nozzle 
in a duct and indicates a ratio of nozzle to duct diameter of about 
0.6. The formula used must have included the usual factor for 
velocity of approach. The investigations of Witte would indicate 
that the selected coefficient is too high. The conditions, how-~ 
ever, of use of the nozzle are in no way duplicated by any pub- 
lished tests so that the coefficient must have been guessed at 
unless it was actually determined. Information on this point is 
desirable to establish the accuracy of the test results. 

In describing the full-size tests the statement is made that 
“The static pressure generated by the fan was measured in the 
discharge box after the air had passed through the screen.” 
If that is an accurate statement of the facts it would seem that 
the measured static pressure is less than the true static pressure 
by an amount equal to the screen resistance. In view of the 
high value obtained for static efficiency this seems hardly credible. 
Further information on this point also seems desirable. 


AurHors’ CLOSURE 


With regard to Professor Marks’s question concerning mutual 
nterference between blades, the statement made in the paper was 
based on some tests run on a fan with various numbers of blades. 
A test was made on an airfoil fan with 24 blades spaced so that the 
actual distance between blades was about one half of the blade 
width. The total pressure generated, corresponding to the 
volume for which the fan was designed, was about half of the 
theoretical total pressure. With every other blade removed, the 
test value of total pressure was only slightly less than that ob- 
tained with 24 blades. This checked reasonably close the theo-. 
retical value of total pressure expected for the fan with twelve 
blades; that is, the thrust per blade was the amount expected 
without using any factor for mutual blade interference. The 
blade spacing was equal to the blade width. The same fan with 
six blades gave slightly higher values of thrust per blade. In 
these tests, all of the theoretical thrusts were calculated using 
airfoil data which were based on finite aspect ratio and which, 
give considerably lower lift values than those obtained using in- 
finite aspect ratio. 

Apparently the difference between the writers’ conclusions. 
and Professor Marks’s conclusions concerning mutual blade-inter- 
ference effects lies in the choice of constants for lift values from 
airfoil section data. The writer has had reasonable success in 
predicting the performance of airfoil fans using lift values based on 
finite aspect ratio. This success leads him to believe that for the. 
average airfoil fan blade which usually has proportions which 
give low aspect ratio, the effects of losses at the hub and blade tip. 
are comparable with those obtained on the ends of a finite wing. 
section as tested in the wind tunnel. In other words, when the. 
blades are not spaced excessively close, the decrease in lift is not 
due to mutual interference but to losses incident to end effects. 
with small aspect ratio. This opinion can only be substantiated 
by further investigation. 

Fig. 4 in the paper was only schematic. The nozzle used in 
the model tests was 6 in. in diameter placed in a short entrance 
duct of 24 in. in diameter. The duct had a well-rounded en- 
trance. Hence, ratio of nozzle to duct diameter was 0.25 instead 
of 0.6 as thought by Professor Marks, and for this arrangement 
0.980 is a reasonable coefficient. 

In the full-size tests the measured static pressure was less than 
the true static pressure by an amount equal to the screen resist-. 
ance, but the screen resistance was found to be less than 1 per cent. 
of the measured static pressure due to the low velocities and 
large size of the discharge box. 
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Measurement of Steam Rate and In- 
dicated Horsepower of Locomotives’ 


H. S. Vincenr.2- The method of measuring steam rate and 
indicated horsepower as proposed by the author is of value for 
the purpose for which it was originated, i.e., obtaining a com- 
parison between the efficiency of two pieces of apparatus, in this 


TABLE 1 DATA FROM TEST NO. 5937, CLASS I-ls, APPLYING 
TO LEFT HEAD-END INDICATOR CARD, BULLETIN NO. 32, 
PAGE 59 

Type of locomoti versa canis gee er eer aes ae eee enniele 2-10-0 

Cylinders, diameter and stroke, in.........-...06.-e+se0ee 30.51 X 32 
Cylinder clearance, per cent of stroke............-+-02-005 9.4 
Branch-pipe pressure, average during test, |b persqin....... 232 
Exhaust-passage pressure, average during test, |b per sq in.. 14 
Branch-pipe temperature, average during test, F.......... 669.5 
Exhaust-passage temperature, average during test, F 303 
Steam supplied to cylinder per stroke, Fig. 1, lb..... 1.573 
Steam trapped in cylinder at closure per stroke, lb... ia 4528 
Revolutions per minute during test...............-..--+- 160 
Cutoff, card Fig. 1, per cent of stroke ...............-.-. 50.0 
Release, card Fig. 1, per cent of stroke.............---.5- 84.6 
Closure, card Fig. 1, per cent of stroke.............02-00- 21.3 
Preadmission, Fig. 1, per cent of stroke...........0+0e0e5% 0.155 
Steam-chest pressure, average, card Fig. 1, lb per sqin., abs 239.7 
Initial pressure in cylinder, card Fig. 1, lb per sqin., abs... . 216.7 
Cutoff pressure in cylinder, card Fig. 1, lb per sq in., abs... 151.7 
Pressure at release, card Fig. 1, lb per sqin., abs.......... 85.2 
Pressure at closure, card Fig. 1, lb per sq in., abs.......... 39.7 
Pressure at preadmission, card Fig. 1, lb per sq in., abs..... 207.0 
Total heat per lb of steam in branch pipe Btu = Hs...... 1354.85 
Total heat per lb of steam in exh. passage Btu = Hz...... 1190.61 
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case, two types of steam superheaters. As a method of measur- 
ing the actual steam rate or horsepower of a locomotive, it falls 
short of the accuracy required for practical purposes. 

It is of course true that the energy delivered by any apparatus 
is equal to the difference in the heat content of the working 
fluid at entrance and at exit to and from the apparatus, minus 
heat leakage in the process. To obtain the thermal values neces- 
sary for measuring the work done in the cylinder, the heat con- 
tent of the working fluid must be measured at entrance to and 
at exit from the cylinder or as near thereto as circumstances will 
permit. 

In locomotive tests conducted by the Pennsylvania Railroad, 
the thermal content of the entering steam is measured in the 
branch pipe as close as possible to the cylinder. Prior to 1926, 
the exhaust-steam temperature was recorded at a point near the 
head end of the right and left cylinders. In later tests, the tem- 
perature is taken at a point near the junction of the two cylin- 
ders where the steam from the two ends of the cylinder mingles. 
The exhaust pressure was formerly read from a steam gage in 
which a retarding device was used to steady the pulsations. 
In present-day tests the pressure is taken by a manometer lo- 
eated near the point where the exhaust-steam temperature is 


1 Published as paper RR-57-5, by Arthur Williams, in the Novem- 
ber, 1935, issue of the A.S.M.E. Transactions. 
2 Bast Harwich, Mass. Mem. A.S.M.E. 
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recorded. The exhaust-steam records are taken at approximately 
10-minute intervals and averaged for the test. 

In the method adopted by the author, the heat content of the 
exhaust steam is measured at a distance of 6 or 7 ft from the 
cylinder and after it has passed through a circuitous passage not 
adequately jacketed. The resulting steam rates obtained under 
these conditions are lower than can be sustained by actual meas- 
urement of indicator cards and from actual steam flow. 

Evidence supporting the writers contention is given herewith, 
using as a basis of discussion an indicator card from test No. 
5937, as shown on page 59, of Pennsylvania Railroad Bulletin No. 
32. The card as shown in the bulletin has been carefully scaled 
and enlarged as illustrated by Fig. 1 of this discussion. 

The characteristics of the locomotive and of the particular test 
selected are given in Table 1 of this discussion. 

The indicated horsepower developed during the piston stroke 
represented by Fig. 1, is given by the equation 


98.65 X 30.51 X 32 X 160 X x 
33,000 K 12 K 4 


ihp = = 932/01) eee {1] 


The corresponding thermal equivalent per stroke, is 


932.5 33,000 


== 247.04 Boius yas nee [2] 
778.57 * 160 


To determine the heat exchange between the steam and the 
cylinder walls, it is necessary to analyze the card shown in Fig. 1 
of this discussion, using the Hirn method. In making this 
analysis, it has been assumed that there is no heat drop between 
the cylinder and the point where the heat content is measured 
in the steam pipe and the exhaust passage. The result indicates 
the truth of this assumption. 

In this discussion, the following nomenclature will be used: 


W = net work done by steam on one side of piston during 
forward and return stroke, Btu 

W,. W. Wa W. = work done on piston during inter- 
vols as represented on indicator card Fig. 1 by 
subscript, Btu 

P = pressure, lb per sq in., abs 

Q = total heat supplied to cylinder by boiler during ad- 

mission, Btu 
R = heat exchange between steam and cylinder walls, Btu 
M = weight of steam supplied to cylinder per stroke, Ib 


M,, = weight of steam trapped in cylinder at compression, 

Ib 

H = total heat, Btu per lb (Keenan) 

S = specific volume of steam, cu ft (Keenan)- 

E = total heat of steam minus its external energy, Btu = 
H — 0.1849 PS 

B = heat lost from eylinder by radiation and conduction, 
Btu 

h. = heat exhausted from cylinder during interval n, —o, 


Fig. 1, = 2, Btu 
h, = heat exhausted from cylinder during interval 0, —p, 
Fig. 1, + Ry, Btu 


The heat exchange during admission is 
=Q + (M,E, —([W, + (M + M,)E a)... . eee ees [3] 
= 2131.18 + 541.48 — [228.52 + 2434.44] = 9.70 Btu 
The heat exchange during expansion is 
R, = (M MAE, (WH OF 4+ os) Bye. seca (4) 
= 2434.44 — [85.31 + 2351.20] = —2.07 Btu 


The heat exhausted and exchanged during the exhaust period 
n, —o, Fig. 1, is 


R 


a 


\ 
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pry, 


(Ma) B y= (Me Welocrsin csc. (5 
2351.20 — 1456.93 — 19.43 = 874.84 Btu 


As this is a noncondensing engine, it is impossible to differen- 
tiate between h, and R, during the period that the exhaust port is 
open. 

The heat exhausted and exchanged during the exhaust period 
0, —p, Fig. 1, is 

ha = Ra = (M,E,) + Wy — (MEA)... 0-22 eee (6] 

= 1456.93 + 43.65 — 502.22 = 998.36 Btu 


Here the quantity A, is also indeterminate. 
The weight of steam exhausted in the period n, —o, is 


Ua NM he sts se 5s: hace (7 


or 2.0258 — 1.315 = 0.7108 lb. This is 45.1 per cent of the 


total weight of steam leaving the cylinder. This weight of 


steam carries with it 874.84 Btu or 46.7 per cent of the total heat 


escaping. 
The heat exchange during compression is 
en = (MB We OE) nn See ewe (8 ] 


= 502.22 + 42.57 — 541.48 = 3.31 Btu 


If we assume that there is no heat exchange between the steam 
and the cylinder walls during the exhaust period, the heat lost 
by radiation and conduction is 


BR Se ie aac odiniows oan Saver [9] 
O70 ol 2.07, =) 10.94 Biur This is about 
0.51 per cent of the heat entering the cylinder. 

The total heat balance per forward and return stroke on one 
side of the piston is expressed by the equation 


oe We wjSk Piy SB = We WW) 
= 0 Btu... .|10} 


Il 


The equivalent net work in the cylinder from the indicator card 
Tig. 1, is 


ee We + W, + We) (Wa + We).-.------ +--+ ---- {11} 
= (228.52 + 85.31 + 19.48) — (43.65 + 42.57) = 247.04 
Btu 


The net heat drop from steam pipe to exhaust passage as 
measured in test No. 5937, minus heat lost by radiation and con- 
duction is 


MH, — (MH, + B) = M(H,—H,)—Be........---- 
= 1.573(1354.85 — 1190.61) — 10.94 = 247.40 Btu 


It is evident from this analysis that the work performed in the 
cylinder as measured from the particular indicator card selected, 
is nearly equivalent to the difference in heat content derived 
from the average temperature and pressure records as measured 
in the steam pipe and exhaust passage near the cylinder, less 
radiation and conduction loss. 

There is a wide fluctuation in temperature and pressure of the 
exhaust steam both in the cylinder and in the exhaust passage. 
This fluctuation reaches a maximum at long cutoff and gradually 
reduces as the cutoff is shortened. For the card shown in Tig. 
1 of this discussion, the temperature of the steam at release is 
460.4 F with a pressure of 85.2 lb abs and corresponding heat 
content of 1259.6 Btu per lb. At the end of the stroke, the 
temperature has fallen to 308.1 F with pressure of 39.7 lb abs and 
heat content of 1190.61 Btu per lb. As measured in the exhaust 
passage the pressure is 28.7 Ib abs with temperature of 303 F, 
giving a heat content of 1190.61 Btu or the same as found at the 
point o, Fig. 1. 


{12} 


It is evident from Equation [12] that there is a temperature 
and pressure in the exhaust passage near the cylinder which, if 
correctly read, will account for all of the heat entering the cylin- 
der, less that utilized in work and lost in radiation and conduc- 
tion. It is, however, more or less of an accident when this 
exact pressure and temperature are recorded. It is further evi- 
dent that the steam which escapes between n and 0, Fig. 1, has its 
full effect in raising the average heat content in the exhaust pas- 
sage, notwithstanding the speed with which it escapes. If in 
Fig. 2 of this discussion ¢ represents the total time that the exhaust 
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port is open, then 0.27¢ equals the time in which the high-tempera- 
ture and high-pressure steam escapes in the interval n, —o, Fig. 1. 

As further evidence of the discrepancy between the actual heat 
content of the steam in the exhaust passage and that determined 
from temperature and pressure records, the writer presents 
Table 2. In this table are shown the records from five locomotive 
tests made at Altoona. All of the tests selected are at approxi- 
mately 50 per cent cutoff as the radiation and conduction loss at 
this cutoff is known from the previous analysis. In column 4, 
is given the thermal equivalent of the average actual work done 


TABLE 2 DISCREPANCIES BETWEEN ACTUAL HEAT CONTENT 


OF STEAM IN EXHAUST PASSAGE AND THAT DETERMINED 
FROM TEMPERATURE AND PRESSURE RECORDS 


= g Laepas ete 
m on RO 80S ae) 
p ag 5533 28 
- 5 os P= We aE 
be a a Bet ete Se 
g By ce eee sg 8 3 cy 
g S = ie oso" a8 ire 
s am cy be Be kgoo oo 
= ao a as BS oie CPs 
a a > 3 Beeaae ne 
© elie 2 2 aa ose o oO 
a On — m8 AZhBa8 A Aa 
1 2 3 4 5 6 
Pennsylvania Mikado Class L-1s, Bulletin No. 28 
3945 50 40 25ae 231.6 — 8.5 
3941 50 80 221.5 183.0 —21.9 
3932 50 100 pola A) 176.2 —16.9 
3924 50 120 191.0 165.8 —13.2 
3971 50 140 174.7 158.1 — 9.5 
3921 50 160 161.5 131.2 —18.8 
3926 50 170 157.0 129.4 —17.6 
Pennsylvania Pacific Class K-4s, Bulletin No. 29 
4070 55 120 206.5 183.9 —10.9 
4067 55 160 183.3 155.0 —15.3 
4013 45 200 136.4 117.3 —14.0 
4025 55 240 139.0 111.3 —19.9 
4049 50 280 119.4 99.5 —16.7 
4069 45 320 97 .2 76.2 —21.6 
4058 35 360 78.4 54.7 —30.2 
Pennsylvania Pacific Class K-4s, Special Test 
435-A 40 240 119.0 LILO; 2 — 7.4 
436-A 50 240 135.5 129.1 — 4.7 
437-A 55 °240 145.0 139.7 — 3.7 
441-A 55 240 147.0 142.0 — 3.4 
Pennsylyania Decapod Class [-1s, Bulletin No. 31 
5408 50 40 435.8 460.5 + 5.7 
5440 45 80 345.0 361.8 + 4.9 
5417 45 120 272.5 290.0 so Des 
5423 45 120 287.9 252.1 —12.5 
5443 45 140 263.7 257.8 — 2.2 
5442 40 160 206.9 221.8 + 7.2 
Pennsylvania Decapod Class [-1s, Bulletin No. 32 
5935 50 40 423.8 433.0 + 2.2 
5927 50 80 367.0 393.1 + 7. 1 
5917 50 120 304.35 Sli + 2.5 
5936 50 160 241.9 262.8 + 8.6 
5937 47 160 255.8 252.8 al oe 
5938 50 160 246.4 259.4 5.4 
6123 50 160 242.8 246.7 + 1.6 
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per stroke. In column 5, is shown the heat drop per stroke be- 
tween steam pipe and exhaust passage, less the heat loss in radia- 
tion and conduction. In column 6, is given the percentage dif- 
ference between columns 4 and 5, divided by column 5. 

The author of the paper under discussion, has based his con- 
clusions on the assumption that the heat content of the exhaust 
steam as measured in the exhaust passage near the cylinder, is too 
high. It will be seen from Table 2 that in the older tests of class 
L-ls and K-4s, the values in column 5 are from 8 to 30 per cent 
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less than in column 4. In the later K-4s test, this difference is 
reduced to from 3.4 to 7.4 per cent, but is still negative. For the 
two tests of class I-1s, the conditions are reversed, column 5 in 
most cases exceeding column 4. 

From this exhibit it is clear that the greater part of the dis- 
crepancy between columns 4 and 5, occurs because of the prac- 
tical impossibility of obtaining mean pressure and temperature 
readings in the exhaust passage by the methods now employed. 
This applies with equal force to the records made by the author, 
since they were taken by the same methods used in the Altoona 
tests. 

It is merely a coincidence that the test No. 5937, selected by 
the writer for analysis, should show, as indicated in Table 2, 
the least discrepancy between columns 4 and 5. It must also be 
noted that the analysis is made from a particular indicator card, 
whereas data given in columns 4 and 5 are average values for a 
complete test. 

The steam rate as calculated from the card in Fig. 1 of this dis- 
cussion is 16.2 lb per ihp-hr. This checks closely the average 
water rate of 16.0 lb as given in Bulletin No. 32 for the complete 
test. Had the author’s method been used in this case, in which 
the temperature at the exhaust stand is assumed to be 20 deg less 
than at a point near the cylinders, the indicated horsepower equiva- 
lent would have been 261.72 Btu or 5.9 per cent in excess of that 
actually delivered. The corresponding water rate would have 
been 15.32 lb or 5.4 per cent too low. 

The author presents Fig. 7 to corroborate the accuracy of his 
method. Reference to Fig. 39, page 92, of Pennsylvania Railroad 
Bulletin No. 24, shows a similar curve, a part of which has been 
transferred to Fig. 3 of this discussion. It will be seen from this, 
that the lower curve in the author’s Fig. 7 is really for 35 per cent 
cutoff. The curve for 45 per cent cutoff lies considerably higher, 
as indicated in Fig. 3 of this discussion. The curve derived from 
the data in the author’s Table 1, lies between the curves for 35 
and 45 per cent cutoff. This indicates that the water rates as de- 
rived from the author’s method are too low. It is of course true 
that such a comparison is not entirely conclusive as the locomo- 
tives are of dissimilar design. 
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On the basis of the evidence submitted, the writer believes, as 
previously stated, that the method proposed by the author of the 
paper under discussion, is not sufficiently accurate for general use. 


L. P. Micuaryu.? Mr. Williams’ paper gives a thorough de- 
scription of a comparison of the methods for determining the 
steam rate of locomotives. The writer has first-hand knowledge 
of the methods used since part of the work in this development. 
was recently done on the railroad with which he is connected. 
The results were checked on a 4-6-2 passenger locomotive pulling 
a train of from five to seven standard steel passenger cars at high 
speeds. These speeds at times were about 110 mph. 

The power and steam rate as obtained by both the indicator 
and the heat-drop method, as described in the paper, were both 
obtained as accurately as operating conditions would permit and 
agreed closely. Therefore, the writer is satisfied that the heat- 
drop method is a fairly accurate means of obtaining this informa-. 
tion with probably less expense than required by the use of the: 
indicator. When obtaining this information by means of the 
indicator, it is necessary in order to obtain reliable results to use a 
good type of indicator reducing motion and indicator with proper 
steam connections, and to exercise the very best of care in the 
operation of the indicator. With the indicator, a record of the 
complete cycle of operation in the cylinder is obtained which is 
not possible with the heat-drop method. This complete informa- 
tion is a guide to the proper setting of the locomotive valves for 
most efficient operation. It was not attempted to measure the 
steam flow through the exhaust nozzle as a means to determine 
the horsepower developed by the locomotive during the tests. 
To have done this, it would have required actual calibration tests 
of the exhaust nozzle to determine the rate of flow. 

If only the steam rate, and not a record of the complete cycle 
of operation, is required, indications are that the heat-drop- 
method, as described in the paper, provides an accurate and satis— 
factory means of obtaining this information. 


L. K. Borrpron.! The writer feels that Mr. Williams has. 
presented a method for determining the indicated horsepower of 
locomotives by road tests which when compared with the indicator 
is more accurate, is simpler and requires much less work both 
on the road and in working up the data. His methods are of 
particular value when it is considered that by using the indicator 
alone it is impossible to determine the steam rate for each card 
since the instantaneous value of the steam to the engines is un- 
known. It was the writer’s purpose at some later date to deter- 
mine this item by calculating the flow of steam through the ex- 
haust nozzle as reported in my paper® to which Mr. Williams 
refers. Clayton’s analysis® enables one to calculate the steam 
rate from the indicator diagram but this method requires too: 
much time and is too complicated for any railroad company to 
use it. 

One cannot appreciate the difficulties in taking high-speed 
indicator cards on locomotive road tests unless he has actually 
done the work. For accurate results, even though the instrument 
and the reducing motion are practically correct, the indicator 
must be carefully handled, but the conditions under which the 
operator takes cards at high speeds is unavoidably bad. He is 
thrown about and jarred for the entire trip, has very little pro- 
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tection from the weather, and is subjected to temperature ex- 
tremes. 


| The indicator reducing motion is a constant source of trouble 


and even with great care and close inspection breakage is very 
common at high speeds. It is also difficult to make an indicator 
reducing motion at a reasonable cost which does not have lost 
motion or develop it very rapidly as the test progresses. 

In addition to the sources of error in indicator cards mentioned 
“by Mr. Williams, a great inaccuracy is introduced in high-speed 


~ ecards due to the long length of pipe necessary between the cylin- 


der and the indicator.? Because of clearance limitations, the 
indicators must be located above the valve chamber and one in- 
dicator usually has to serve for both head-end and crank-end 


_ eards. 
7 


It is regrettable that the state of the steam in the exhaust 


~ passages has never been determined by Mr. Williams’ method on 
' any locomotive test-plant test to date. 


If this had been done, a 
good check could be made of his method. As he mentions, 


using data obtained on the Pennsylvania Railroad test plant at 


Altoona, Pa., the steam rate calculated by the heat-drop method 
runs higher than the rate determined by the indicated horsepower 
and the steam to the engines. However, on locomotives equipped 


| with plain round-hole nozzles, the actual and computed flows 


through the exhaust nozzle using the same data check very well. 
Since the pressure is of much more importance than the tempera- 
ture in computing flows, the writer must also conclude that the 
temperatures are in error. 

Some objection might be made to the standing test for deter- 
mining the coefficient of discharge of the exhaust nozzle on the 
grounds that the flow is not pulsating and that the superheat in 
the exhaust is much higher than when the locomotive is being 
operated since the steam does no work. It might be advisable 
to remove some of the heat from the exhaust by removing both 
pistons and filling the cylinders with pipe coils through which 
water could run at any desired rate. The test could be run with 
the throttle wide open and the valves set to give any desired flow. 
At high speeds the pulsations of the exhaust are of small magni- 
tude and it is believed that a gage reading would give a close 
enough average. Regardless of how the pulsations influence the 
flow, it would be necessary to determine the coefficient with con- 
stant pressure in order to have anything basic upon which to work. 
The problem then resolves itself into determining what average 
pressure is to be used for computing the flow when it is pulsating. 
A card taken by an indicator driven at a constant known speed 
would give a pressure-time diagram from which the average 
pressure could be determined when the locomotive speed is slow 
and the pulsations of the exhaust are of considerable magnitude. 
The higher the back pressure the less erroneous pressure readings 
influence the calculated flow since the rate of change of the flow 
is constant or nearly so for pressures over 11 lb per sq in. gage. 
Thus, high speeds and high back pressures favor accuracy using 
Mr. Williams’ methods. 


H. Rupenkxorentc.2 The locomotive testing plant affords a 
convenient and ready means for checking the accuracy of the 
method proposed in this paper, at least at speeds not excessively 
high. No doubt, there is considerable inaccuracy connected 
with indicator work at high speeds. Dr. Goss? in his early work 
with the Purdue University locomotive testing plant demon- 
strated that, at high speeds, indicator cards taken with the re- 
verse lever set for, say 35 per cent cutoff, showed on the indicator 
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card a cutoff actually shorter than was the case with the lever 
set for 30 per cent or even 25 per cent cutoff but running at low 
speed. This condition might make for considerable inaccuracy 
when attempting to obtain the steam rate from indicator cards 
alone. 

The total amount of steam going to the cylinders may be de- 
termined quite accurately by measurement at the weighing tank, 
but of course, unless an accurate determination of the horsepower 
is made, it is not possible to obtain a correct result for the steam 
rate. The paper proposes to do this by determining the total 
heat utilization of the steam in passing through the cylinders. 

In regard to the characteristics of the steam entering the cylin- 
ders, it is possible to determine accurately the temperature and 
pressure in the valve cylinder just before the steam enters the 
cylinder, and this is the point at which it starts to do work. 
Knowing then the total amount of steam per given unit of time 
and its temperature and pressure, the total thermal input in a 
given time is determined. It remains then to obtain the en- 
thalpy of the steam after it has done its work in the cylinders. 
This seems to be the point at which the accuracy of the method 
described in the paper may be questioned. Is the exhaust stand 
the proper location for the determination of the pressure and 
temperature of the exhaust steam? The work of the steam has 
been completed when its pressure has reached the exhaust condi- 
tion, which may or may not be the same as that at the exhaust 
stand. The paper seems to make the assumption that equality of 
pressure obtains at all locations throughout the whole volume of 
the exhaust passages, from the exhaust stand back to the face of 
the piston. This may be true if a nonflow condition exists, but 
such is not the case. The paper does not seem to prove that the 
exhaust-stand temperature is the correct one to use. 

However, if the method suggested gives close accuracy, it 
gives a simple and convenient way in which the steam rate and 
horsepower output of a locomotive may be obtained. 


H. L. Souzerc.? Mr. Williams has presented a very interest- 
ing discussion of the application of the first law of thermody- 
namics to the determination of the steam rate of a locomotive. 
A rigorous theoretical analysis of the problem would have in- 
cluded the effect of the kinetic energy of the steam at the points 
where its temperature and pressure were measured, as well as the 
difference in elevation of these points. However, it is probable 
that these items are of such small magnitude as to be negligible in 
the actual testing of locomotives. 

As the author has indicated, in his paper the principal 
error which is encountered in determining the steam rate is 
in the measurement of the temperature of the exhaust steam. 
He submits data showing a 20-deg difference in exhaust-steam 
temperatures taken simultaneously at different points in the 
same exhaust passage. According to Fig. 1 of the paper, an error 
of 20 deg in temperature measurement introduces an error of 
6.5 per cent in the computed steam rate. As this difficulty is due 
to pulsating steam flow caused by intermittent discharge of 
steam from the cylinders, there is no assurance that the thermo- 
couple located in the exhaust stand is measuring the true mean 
temperature of the steam although the error should be less than 
when the thermocouple is located as close to the cylinder as pos- 
sible. It is probable that the magnitude of this error decreases 
with increased locomotive speeds and shortened cutoffs. 

The proposed test procedure is so simple in application that it 
would be interesting to conduct a series of locomotive test-plant 
runs under carefully controlled conditions in order to check re- 
sults obtained by this method with those secured by conventional 
test methods. 


9 Associate Professor Mechanical Engineering, Purdue University, 
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An error oceurs in Equation [4] of the paper which should read 


fale er) 


2g 


aif) 


It should be emphasized that Equation [4] has been de- 
veloped by assuming steady flow conditions. The equation con- 
tains five terms, each of which is varying as the pressure and 
temperature of the exhaust steam fluctuate during each revolu- 
tion of the drivers. These cyclical changes in the state point 
of the exhaust steam will vary in magnitude with the speed of the 
locomotive and with the cutoff. The actual conditions in the 
locomotive exhaust nozzle are so different from the steady flow 
conditions for which the flow equation has been derived that 
the writer is inclined to doubt the practicability of the scheme of 
using the exhaust nozzle as a steam-flow meter until it has been 
proved by a series of carefully conducted tests under a wide va- 
riety of operating conditions. 


A. Girst-Grestincen.!° The writer believes that the ac- 
curacy of the heat-drop method will compare favorably with 
that of ordinary indicator practice. We can commonly ob- 
serve that indicator diagrams become 6 to 10 per cent longer 
as we increase the running speed from starting up to 250 or 300 
rpm. Since the stretching of the diagram is due to inertia forces 
it becomes a maximum at the ends of the reciprocating motion. 
At these points, the effective steam pressure is smaller than the 
average, and therefore the indicated horsepower obtained is too 
low (and the mechanical efficiency of the locomotive too high) 
by easily 3 to 5 per cent for such amounts of stretching. Pro- 
fessor Nordmann of the German State Railways states! that the 
indicating of a certain freight engine had been done with an error 
of 7 per cent until indicating methods were improved. Such an 
error appears unusually high, but, undoubtedly, indicating equip- 
ment must be selected, installed, and handled with greatest care 
in order to prevent misleading conclusions. Obviously, our 
customary equipment is quite unfit for and above the “diameter 
speed.”’ 

The writer believes that the chief question which still con- 
fronts us with respect to the heat-drop method is: How well does 
the measured exhaust temperature, taken at one point in the 
stream, represent the average heat content in the exhaust steam? 
This can be cleared up by comparative tests with high-grade in- 
dicator equipment. It is very important that the exhaust readings 
be taken at a point where the stream had good opportunity to be- 
come more uniform than it is near the valve outlet, as the author 
ably pointed out. However, the writer would suggest as a further 
refinement that the kinetic energy in the steam at the point be 
taken into consideration. Fig. 5 of this discussion illustrates the 
influence of the kinetic energy upon the exhaust conditions of 
the steam. 

Fig. 4 of this discussion is a diagrammatic sketch of the exhaust 
arrangement, with the left steam port open. Ordinarily, back 
pressure is measured at B, but we now prefer to take readings at 
M, which is already in the vertical passage of the standpipe. For 
a typical, large engine, the cross-sectional areas are as indicated, 
being much smaller at M than they are at B. 

Fig. 5 shows the exhaust process on the entropy-total heat 
diagram. The rising inclined lines signify pressures, the almost 
horizontal rising lines are temperatures. The piston valve opens 
at A. Before reaching A, the expansion took place with small 
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losses, that is, with almost constant entropy. The process is 
shown by a steep line. From A to B we have a very violent 
process, a combination of expansion and throttling, accom- 
panied by large losses. 

Now, in the exhaust passage at B, shown in Fig. 4, the effective 
amount of steam flowing per unit of time may be about three 
quarters of the amount for one cylinder. Assume this engine is 
working hard and that 60,000 lb of steam per hr is flowing through 
the exhaust nozzle. The back pressure at B may be 15 lb above 
the atmosphere, or 29.7 lb per sq in. abs, and the temperature 
360 F. Incidentally, the relation between the weight of nozzle 
steam per hour and back pressure can be expressed very well by 
the formula 


Se rr 400A, V/ (Ps — Jez) 


where S,, = weight of nozzle steam, lb per hr; A, = area of the 
nozzle, sq in.; Pg = back pressure, lb per sq in.; and P, = 
atmospheric pressure, lb per sq in. If S, is smaller, or the back 
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Fic. 5 Locomorivp Exuaust Process ON THE ENTROPY- 
Heat DIAGRAM 


pressure higher, than the formula would indicate, then the exhaust 
arrangement offers undue resistance and should be investigated. 
Now, the velocity at B will be 208 fps, corresponding to 20.3 hp 
for the whole amount of exhaust steam. However, at point M, 
we have more steam flowing through a smaller area, and the 
velocity rises to 487 fps, corresponding to 112 hp. This is more 
than 2.5 per cent of the indicated performance of the locomotive 
and should not be neglected. The strictly correct method of 
calculation is as follows: Determine the performance which cor- 
responds to the heat drop, and substract from it the increase 
in kinetic energy in the steam between the measuring points, that 
is, from the live-steam pipe to the point in the exhaust passage 
where the reading is taken. The live-steam energy is small, 
only about 2.6 hp for 8-in. pipes, and may be neglected; thus the 
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whole kinetic energy in the exhaust passage may be subtracted 
in order to obtain the true indicated performance. 
Further, with the reference to Fig. 5 of this discussion, we see 
that the expansion from B to M cools the steam by 9 deg in this 
case, and accounts for part of the 20 deg difference found between 
corresponding points by the author. Of course, this drop becomes 
much smaller with reduced boiler performance, and then the 
kinetic energies are often insignificant. 

Mr. Williams’ analysis is commendable for another reason: 
A study of such heat diagrams is very instructive; if we become 
accustomed to them, we become “energy minded.” For instance, 
all the energy represented by the adiabatic heat drop from B, 
Fig. 5, down to the smokebox pressure ps (hence more than 1200 
bp) is lost for the engine performance, and the part down to the 
dotted horizontal line is used up in the drafting arrangement. 


Fic. 6 Tyre or JuNcTION or THE Exuaust PassaGes FROM THE 
Heap-Enp AND CRANK-ENnp oF A Locomotive CyLInpER WHICH 
Eximinates SuppEN CHANGES IN Cross SECTION OF THE PASSAGE 


Fig. 7 Type or JUNCTION IN THE Exuaust Passaces FRom Bote 
CYLINDERS OF THE LocoMoTIve WHICH ELIMINATES SUDDEN CHANGES 
In Cross SECTION OF THE PASSAGE 


This part of the diagram tells us how well our front end is work- 
ing; it usually does not work very well from an energy st andpoint, 
but it can almost always be improved. 

The horizontal steps shown in the expansion line mean throt- 
tling losses at points of sudden changes in cross section. These 
can easily be almost eliminated by forming exhaust passages 
according to Fig. 6 of this discussion and by forming their junc- 
tion below the standpipe according to Fig. 7 of this discussion. 
The latter design also gives a symmetrical steam jet. In fact, 
the usual exhaust passages which terminate side by side under 
or in the standpipe, are remnants of the days of separate right 
and left cylinders, and their use is not justified in one-piece sad- 
dies. The arrangement shown in Fig. 7 is patented. 

The heat-drop method described by Mr. Williams is valuable 
for making many locomotive tests easier and less expensive. It 
is imperative thdt means be studied whereby the excessive cost 
of locomotive testing can be reduced. This is often possible with 
even increased accuracy through the aid of a diagrammatic 
method of recording test data. In such a method, the test 
observer plots the data as points on continuous curves, recording 
7 or 8 items in regular order. In between readings he always has 
a few seconds left for making observations of a general nature, 
for which he may use signs to save time, writing them out into 
words immediately at the end of the run while they are still 
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fresh in his memory. This method of recording data keeps one 
well occupied, but it imposes no undue strain, and requires merely 
full concentration and good training; the training must embrace 
a complete knowledge of the scientific and practical features 
of locomotive operation. The result is a continuous, compact 
record which is usually much more instructive than the average 
from several test runs during which spot readings have been 
taken in the ordinary manner. The writer believes that locomo- 
tive testing cannot be confined to constant speed and perform- 
ance because we are always interested in the behavior of loco- 
motives under actual conditions, during acceleration, for instance, 
on short hills. Continuous diagrammatic curves for recording 
data will aid in the study of locomotive performance in difficult 
locations at small expense. Mr. Williams’ analysis lends itself 
excellently to obtaining also a continuous curve of indicated 
performance in such simple manner. 


AvutTHor’s CLOSURE 


Mr. Vincent points out that when the exhaust-steam tempera- 
ture is measured in the exhaust stand, the steam has passed 
through a circuitous passage some 6 or 7 ft from the cylinder. 
This is done deliberately in order to provide for as thorough 
mixing of the steam as possible. While it is true that the ex- 
haust passages are not lagged, there is a certain amount of insula- 
tion provided by the air space between the exhaust passages and 
the outer walls of the cylinder casting, and the steam flow is 
large enough to make the radiation loss per pound very small. 
Using the usual formulas for heat transfer from metal walls to 
air, the heat loss by radiation from the exhaust passages of a 
typical Pacifie-type locomotive has been calculated to be 6000 
Btu per hr with the locomotive standing still, and 17,000 Btu per 
hr with the locomotive running at 100 mph. With a steam flow 
of 40,000 Ib per hr these losses amount to 0.15 and 0.43 Btu per 
Ib, respectively. Hirn’s analysis is useful for visualizing the 
action of the steam in a reciprocating engine, but cannot be used 
for exact evaluation of the heat exchanged between the steam 
and the cylinder walls. For instance, Mr. Vincent’s Equation 
[3] states that “The heat exchange during admission is equal to 
the heat supplied from the boiler plus the heat due to the steam 
trapped at compression minus the heat corresponding to the 
work done on the piston minus the heat left in the steam at cut- 
off.’ The heat left in the steam at cutoff will depend upon the 
heat exchange during admission, due to the initial cooling of the 
steam, so that there are two unknown quantities in Equation 
(3]. Equation [9] assumes that there is no heat exchange 
between the steam and the cylinder walls during the exhaust 
period, which is not correct. It is thought that a more accurate 
method for determining the heat lost by radiation is to use the 
usual formulas for heat transfer from metal walls to air, making 
due allowances for insulation at various points. In this way the 
total radiation loss for a Pacific-type locomotive, including the 
losses from the steam pipes, steam chests, cylinders, and exhaust 
passages, has been calculated to be 27,000 Btu per hr with the 
locomotive standing still, as on a testing plant, and 53,000 Btu 
per hr with the locomotive running 100 mph. For a steam flow 
of 40,000 Ib per hr, the losses per pound of steam are 0.67 and 
1.32 Btu, respectively. Using corresponding values for calculat- 
ing column 5 in Mr. Vincent’s Table 2 will change the values 
given, making the negative errors less and the positive errors 
greater. The discrepancy between columns 4 and 5 is due either 
to errors in indicating the engine and measuring the steam to the 
cylinders, or in measuring the temperatures concerned, or to 
both. The author is of the opinion that measurements of the 
exhaust-steam temperature made close to the cylinder, as was the 
ease for all of the tests given in Mr. Vincent’s Table 2, cannot 
be ag accurate as those made in the exhaust stand. Apart from 
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the location of the temperature measurements, care must be 
taken in the selection and calibration of the instruments used for 
measuring temperature, as is shown in Fig. 1 of the paper. The 
pressure measurements do not need to be so accurate. Referring 
to Mr. Vincent’s Fig. 3, the curves taken from Pennsylvania 
Railroad Bulletin No. 24 are for 35 per cent and 45 per cent nomi- 
nal cutoff, not actual cutoff. The points given on the curve for 
35 per cent nominal cutoff are for 41 per cent to 44 per cent actual 
cutoff, most of the cutoffs being between 41 per cent and 42 
per cent. It is this curve which is represented by curve No. 1 in 
Fig. 7 of the paper. 

Mr. Vincent’s conclusion that the proposed method is not of 
sufficient accuracy for general use is somewhat contradictory to 
the statement at the beginning of his discussion that the method 
is of value for obtaining a comparison between the efficiencies of 
various pieces of apparatus on a locomotive. 

It is gratifying to note Mr. Michael’s endorsement of the heat- 
drop method, coming as it does from one who has had actual 
experience with the methods of measurement described in the 
paper. 

Mr. Botteron’s remarks on the taking of high-speed indicator 
cards on locomotive road tests are very true. The conditions 
areentirely different from taking indicator cards on a standing test, 
and appreciable errors are unavoidable. Dr. Giesl-Gieslingen 
illustrates this with an example from the German State Railways. 
Using Mr. Botteron’s suggestion of removing some of the heat 
from the exhaust when calibrating an exhaust tip in a blowdown 
test would make it possible to determine the variation of the 
nozzle coefficient with exhaust-steam temperature. It would 
be even better, as Professor Solberg states, to perform the cali- 
bration under actual running conditions, making the necessary 
measurements with the required accuracy. 

Professor Rubenkoenig, Professor Solberg, and Dr. Giesl- 
Gieslingen all mention the desirability of comparing indicator 
measurements with heat-drop measurements. Obviously, all 
measurements made should be of the highest possible accuracy. 
Particular attention should be given to the speed range between 
300 and 420 rpm, since locomotives are now actually running at 
these speeds. It would be desirable to use an indicator with a 
cantilever bar spring and special high-speed reducing motion 
and compare the results with those obtained with an indicator 
using a helical spring and conventional reducing motion. 

Dr. Giesl-Gieslingen and Professor Solberg are correct in their 
statements that for best accuracy the kinetic energy of the steam 
in the exhaust stand should be accounted for. Where the 
exhaust-steam thermocouple is located, near the base of the ex- 
haust stand, the cross-sectional area will be of the order of 70 to 
100 sq in. To take an actual case, one engine tested had 7-in. 
steam pipes, and an area of 90 sq in. at the exhaust-steam 
thermocouple. A steam flow of 45,000 lb per hr gave average 
velocities of 71 fps in the steam pipes and 353 fps in the exhaust 
stand. The kinetic-energy correction is equal to (V2? — V1?)/ 
50,000, where V; and V» are the entrance and exit velocities for 
the apparatus concerned, in fps. For the foregoing case this 
works out to 2.4 Btu per lb, or approximately 1.5 per cent of the 
heat drop. Neglecting Vi, the velocity in the steam pipe, as 
Dr. Giesl-Gieslingen suggests, gives a correction of 2.5 Btu per 
Ib, which is sufficiently accurate. This correction and the 
radiation correction should both be subtracted from the observed 
heat drop in order to obtain the work done in the engine. By 
making suitable corrections for the radiation loss and kinetic- 
energy change, the change in the condition of the steam between 
the cylinder and the exhaust stand is allowed for, and the ad- 
vantage is obtained of the possibility of making more accurate 
measurements of the exhaust-steam temperature. The maximum 
correction for radiation and kinetic-energy change will be of the 
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order of 2 to 3 per cent, and in many tests can either be omitted 
or included as a flat percentage for the average conditions obtain- 
ing during the series of tests. A convenient approximate method 
of calculation is to divide 2600 by the heat drop (instead of 2545), 
which makes about a 2 per cent correction for radiation loss and 
kinetic-energy change. 

In making tests with the maximum possible accuracy, any 
exhaust pipes from auxiliaries connected into the engine ex- 
haust passages should be temporarily disconnected, as the exhaust. 
from auxiliaries will usually be at a temperature different from 
that of the engine exhaust, and the readings would be affected. 

The purpose for which the heat-drop method of calculating 
the steam rate is most useful is in making comparative road tests. 
on a locomotive of devices which affect the cylinder efficiency. 
The ease with which the tests can be performed, compared with 
indicating and measuring the steam to the engines, cannot be too 
strongly emphasized. The entire apparatus can be applied in 
less than a day, and one man can take all observations. The 
calculations, which involve only the heat contents in the steam 
pipe and exhaust, are simple. Since the paper was written, the 
heat-drop method has been used on one railroad for determining 
the performance of two designs of piston valves with various 
valve settings, on a second of a new design of valve gear, and ona 
third of variations in exhaust-tip areas, in each case to the entire 
satisfaction of the railroad officials concerned. 


The Measurement of Air Flow in 
Fan Inlet and Discharge Ducts' 


Harotp F. Hacen.2 The author of the paper has suggested 
therein a basis for new methods to secure more accurate results in 
the testing of fans. The writer believes the present Test Code for 
Centrifugal Compressors, Exhausters, and Fans to be inadequate 
and therefore bases this discussion on a consideration of the test 
methods given in the paper as applying to a practical test code. 

The author proposes the use of orifices for volume measure- 
ment in the low-volume range of fan performance. This portion 
of the curve is commercially unimportant. There is occasionally 
an academic interest in the general shape of this part of the vol- 
ume-pressure curve, but any reasonably approximate method of 
test will suffice to determine the form of the curve in this region. 

For the other extreme of fan performance, the volumes near 
wide open, the author proposes the pitot-tube traverse. These 
results are slightly more important than the low-volume determina- 
tions. However in a long experience designing commercial 
fans, the writer has seen only one case where the performance 
near wide open had any bearing on placing the business. 

Too much attention has been paid to these unimportant ex- 
tremes of the fan curve which do not even appear in manufactur- 
ers’ published tables, and consequently not enough attention has 
been given to the securing of accurate results in the range of fan 
performance which really counts in practically every case. There- 
fore, in this discussion the writer is confining his remarks to the 
commercial range of the fan-performance curve. This important 
region requires orifices with ratio m, to use the author’s designa- 
tion, of from 40 to 70 per cent. 

In this range the author quite soundly proposes a double meas- 
urement of volumes, that is, by pitot-tube traverse and orifice. 
The writer would not consider any fan test for his own informa- 
tion without agreement in two determinations of volume in this 
range. He fully appreciates the desirability of the simple orifice 


1 Published as paper PTC-57-1, by L. S. Marks in the October, 
1935, issue of the A.S.M.E. Transactions. 

2 Vice-President and Director of Research, B. F. Sturtevant Co., 
Hyde Park, Boston, Mass. 


Ss eee 


eS a ee 


-. coded procedure. 


DISCUSSION 


from the standpoint of cheapness, but believes that caution is 
indicated before the orifice determination can be made a basis of 
Unfortunately the area-ratio coefficient func- 
tion is a curve which varies from 66 to 82 in the important range 
between 40 to 70 per cent. The exactness of this curve must be 
confirmed by additional investigation and under the far from 
ideal flow conditions that exist at the end of a fan test duct. 
Furthermore, a number of different fan types must be reported 
‘upon, from the six-bladed paddle wheel to the 64-bladed for- 
wardly curved impeller. 

The writer admits to a predilection in favor of the definite 
physical quantities of the free nozzle procedure with a known 
area and its almost negligible coefficient of better than 0.98, and 
the impact tube with its reliable indication of velocity. The 
orifice technique, with a pressure measurement at a definite loca- 
tion that is neither the true duct static pressure nor the impact 
pressure, and an empirical coefficient which is not the vena-con- 
tracta ratio, gives one no simple physical phenomena to tie to. 
One must depend upon the calibration of a curve with a large 
factor. One can say of a nozzle test that the velocity could not 
have been any greater and that the air could come through that 
opening, or 98 per cent of it, so that the volume would be a 


’ definite amount, and make the statement with a feeling of cer- 


tainty that any errors must be small. When using an orifice, it 
is difficult to avoid the thought that air distribution or some un- 
known factor may have changed the flow of air, consequently 
giving an incorrect result. This preference for the nozzle and the 
same reasons for the preference are common to many engineers 
as is evidenced by its adoption in part 1 of the Test Code for 
Centrifugal Compressors, Exhausters, and Fans. 

The author’s work has, however, been done with great care and 
merits cooperation from all interested investigators. The writer 
is at the present time making all tests with pitot tube and nozzle, 
and proposes to add orifice plates in accordance with the author’s 
recommendations. He has made one such test and submits his 
results in this discussion. 

In these tests an experimental fan was connected to a standard 
test duct of circular cross section 35/4 in. diameter and 29 ft 3 
in. long. Pitot-tube traverses were made 7!/, diameters from 
the fan, 4 ft downstream from an egg-crate straightener made as 
specified in the right-hand line drawing of Fig. 4 of part 1, “Test 
Code for Centrifugal Compressors and Fans,” consisting of six- 
egg-crated plates 34 in. long. The orifice used was a 60-per cent, 
square-edged 1/;s-in. orifice with a coefficient of 0.751, machined 
in a 1/;in. plate tapered on the downstream side only. Two 
pitot tubes were used. One of the tubes was a standard A.S.H. 
& V.E. pitot and the other was the one described in the paper, 
and loaned by the author for making the writer’s tests. In addi- 
tion, a sheet-metal nozzle, of the form recommended by H. F. 
Schmidt, was used with a coefficient of 0.98 without calibrating. 
This nozzle had a throat-duct-area ratio of 42 per cent, the 
largest ratio ever used to the best of the writer’s knowledge. 

Table 1 of this discussion gives the results of the writer’s tests. 
Pitot tube No. 1 is the old type while the No. 2 pitot is the au- 
thor’s new tube. The orifice velocity was calculated directly 
from the reading of a 1/,-in. diameter static hole 1 in. upstream 
from the orifice plate. 


> 


TABLE 1 RESULTS OF TESTS BY H. F. HAGEN? 
Test ——Pitot Tube—— 
no. No. 1 No. 2 Orifice Nozzle 
1 25980 105 ae 24960 
2 oe 26170 25350 bY 
3 2 as 26520 ee 25200 
4 25920 ar 25600 re 
5 Deh 25620 af 25420 
6 ones 25670 25450 ea 
u 5, ae 25760 25170 oe 
8 tare 25760 Ae 24800 
Averages 25950 25920 25390 25100 
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As the speed factor has been corrected for, all nozzle volumes 
and all orifice volumes should be identical. Apparently, the 
writer was reasonably successful in sizing the nozzle to the orifice. 
The tests were made as indicated in the table, that is, when the 
orifice was removed, the nozzle was substituted. 

A coefficient of 0.99 for the nozzle instead of 0.98 would have 
given an exact check between average nozzle volume and average 
orifice volume. 

In spite of inconsistencies in checking pitot tube and orifice, 
pitot tube and nozzle, and the variations in each individual 
method, the results are encouraging. Apparently we can have 
improved test methods. 

The tests confirm the author’s confidence in his orifice method. 
The results obtained with the pitot tubes, however, even with the 
straightener, were disappointing. The tests were conducted by 
experienced men who exercised the utmost care, and therefore the 
discrepancies cannot be ignored. The writer has no doubt that 
in many instances consistent agreements will be found as close 
as shown by tests 5 and 6 of Table 1 of this discussion, and that 
in other cases disagreement will occur. He wishes to point out 
that any change in method that could be devised to bring tests 1, 
2, 3, 4, 7, and 8 into agreement would result only in making the 
discrepancy show up in tests 5 and 6. An accumulation of data 
is required, obtained under reasonable commercial conditions, to 
determine the validity and degree of general applicability in any 
proposed test procedure. 


Tomas Cuester.? In view of the explanations made by the 
author, the proposed use of two different methods of making tests 
is quite rational. The checking of the two methods by their ac- 
cordance or discrepancy under the equivalent orifice pertaining to 
the maximum fan efficiency should be beneficial. 

The author only mentions casually the use of an effective 
straightener for the purpose of eliminating yaw. The angles of 
incidence of the random and fluctuating air currents to the axis 
of the test duct and to the axis of the pitot tube, vary greatly 
throughout the range of performance of a fan from zero gate to 
fullopening. These air currents are unstable also at any particu- 
lar gate opening. It would therefore seem desirable that the 
author should definitely recommend the use of a straightener in 
the test duct, possibly one of the egg-crate type. 

If this recommendation is followed, there will then be less ob- 
jection to the author’s suggestion that the static holes of the 
pitot tube be increased from 0.02 in. diameter to 0.04 in. diame- 
ter, seeing that he points out that the smaller holes give more ac- 
curate results under yaw. 

In order to determine the amount of air flowing through a dis- 
charge orifice, the author proposes that an impact tube be placed 
1 in. beyond the orifice in the direction of air flow. In the writer’s 
opinion it is desirable to follow the principle of geometrical simi- 
larity in all fan work, and on this basis the distance out of the 
impact tube should be a function of the diameter of the orifice. 


R. D. Manpison.! The author presents a simplified method of 
fan testing using orifice plates for furnishing means of throttling 
air capacity and at the same time measuring the flow in the lower 
fan-capacity region. In the higher region, the use of a new pro- 
posed standard pitot tube and conventional traverse form the 
basis of air measurement, both methods being employed in the 
central region for purposes of checking. 

The writer has used the type of pitot suggested by the author 
and believes that it can be used with confidence for the conditions 
outlined in the paper. Where straighteners are employed, the 

3 Detroit, Mich. Mem. A.S.M.E. 


4 Research Engineer, Buffalo Forge Company, Buffalo, 
Mem. A.S.M.E. 
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pitot tube should prove a very accurate instrument. For those 
interested in the error with various angles of yaw it should be 
pointed out that the pitot reading is considered to be less than 
standard where no algebraic sign is used with the error and 
greater than standard where the minus sign appears. This is 
the same nomenclature used by Merriam and Spaulding, but 
should be clarified by definition. 

The writer believes that the orifice method of test will prove 
a simple and accurate means of measuring air flow from a fan. 
In a recent test, using the set-up outlined by Professor Marks 
(except that one-piece orifice plates 1/;-in. thick were used), the 
writer found a very close agreement with Stach’s coefficients. 
The duct used was 365/s in. in diameter and pressure taps were 
placed 2 in. back from the orifice plate, the exact location being 
found not critical except for orifice ratios larger than recom- 
mended. ‘The following data were obtained: 


Ratio of orifice to duct area 


(CATV As) Saris erate siete st: 0.594 0.479 0.376 0.281 0.182 
Test coefficient............. 0.753 0.697 0.663 0.643 0.608 
Stach coefficient............ 0.748 0.693 0.659 0.631 0.612 


From these values it is seen that all but one check within 
0.66 per cent. This not only seems to verify Stach’s coefficients, 
but also to substantiate the accuracy of the pitot tube and 
method of traverse. This latter is especially interesting in view 
of the fact that the wave front in several cases was not uniform. 


AuTHOR’s CLOSURE 


In the discussion of limiting values of the Reynolds number for 
discharge orifices, D and V are given as orifice diameter and 
velocity, respectively; this is incorrect, they should both apply 
to the duct. 

Mr. Hagen comments on the commercial unimportance of 
volume measurements for fans operating with orifice ratio below 
40 per cent. His judgment on this point must be accepted. It 
remains true, however, that when measurements are made for 
those low ratios, they can be made more accurately and more 
quickly by the use of an orifice than by a pitot-tube traverse. 

The principal criticism of Mr. Hagen is a fear as to the accuracy 
and the constancy of the discharge coefficients for large-ratio 
orifices. The fact which he states, that this coefficient increases 
from 0.66 to 0.82 as the area ratio increases from 40 to 70 per cent, 
is no valid criticism, if the coefficient is constant for each area 
ratio. The coefficients found by Stach need verification by others 
under the varied conditions of actual fan operation. The in- 
complete and unpublished investigations by the author, the 
results given by Mr. Hagen and Mr. Madison in this discussion, 
and, it is hoped, the results obtained in other laboratories will 
supply the data for such verification. At the present time, the 
evidence is strong that the coefficient of discharge of a square- 
edged discharge orifice is constant for a given area ratio within 
limits which are satisfactory for fan testing. Stach® gives the 
same tolerance (0.8 per cent) for orifice coefficients as for noz- 
zle coefficients and an examination of his plotted points justifies 
his action. However, this is not conclusive since he presumably 
had better flow conditions than are usual in fan testing. 

The results of Mr. Hagen’s tests as given in Table 1 of this 
discussion demonstrate the desirability of substituting an orifice 
(or nozzle) for the pitot-tube traverse. The discrepancies be- 
tween volume measurements by pitot tube and orifice were 3.23, 
1.25, 0.86, and 2.34 per cent, the pitot tube results being high in 
all cases. When there is a discrepancy, the pitot-tube traverse 
gives almost invariably the higher result. In these tests the fan 


5 *‘Die Beiwerte von Normdiisen und Normblenden im Einlauf 
und Auslauf,”’ by E. Stach, Zeitschrift des Vereines deutscher Inge- 
nieure, vol. 58, 1934, pp. 187-189. 


was a single-inlet eight-bladed paddle-wheel fan. With such a 
fan, a badly pulsating discharge is inevitable and the conse- 
quence, as shown by Hagen, * is that the pitot tube reads too high. 
As he points out in the same paper,® nozzle measurements reduce 
the error due to pulsation to a negligible quantity; the same 
argument applies to orifices. In view of the characteristics of 
the fan, the agreement between pitot-tube and orifice measure- 
ments is as good as could be expected. The nozzle measurement 
results support the orifice measurements but the author would not 
give great weight to the results obtained from a fabricated and 
uncalibrated nozzle. Nozzles should be true surfaces of revolu- 
tion and without abrupt changes of contour. The Schmidt 
nozzle is constructed of sheet-steel cones welded together and not 
machined. When of large size, as in these tests, such a fabricated 
nozzle may be accurate but its accuracy cannot be safely assumed. 

Mr. Chester is quite right in assuming that a straightener must 
be used to insure axial flow. This matter was covered fully by 
the author in a previous paper.’ 

The author is greatly interested in the very good agreement 
which Mr. Madison finds between discharge coefficients calculated 
from a pitot-tube traverse and those given by Stach. Here 
again the pitot-tube values are slightly higher than the Stach 
values except for the lowest velocity of flow. At this lowest ve- 
locity, the velocity head (as privately communicated to the author) 
is less than 0.012 in. An inaccuracy of 0.001 in. would result in 
an error of 4 per cent in the volume measurements. 


The Viscosity of Water and 
Superheated Steam’ 


A. A. Porrrer.? After the conclusion of the tests reported in 
the paper, it was decided to carry on check tests on superheated 
steam with a fall-body of different shape and made of a light 
material in order that the time of fall might be increased ma- 
terially. In order to accomplish this, a fall-body of pure ex- 
truded magnesium metal was constructed, with a permalloy insert 
for the providing of the necessary change in inductance as the 
fall-body passed through the timing coil, and a third stage of 
amplification was added to the amplifier circuit in order to utilize 
the weaker impulses which were developed by the smaller mass 
of iron in the new design of fall-bodies. The general shape of the 
new fall-body is shown in Fig. 1 of this discussion as fall-body 
No. 48. The other fall-bodies in this figure are those shown in 
Fig. 3 of the paper. It should be noted that this fall-body is not 
streamlined on the upstream end, as is the case with the steel 
fall-bodies previously used with the steam. 

After calibration with air, tests were conducted with fall- 
body No. 48 on superheated steam at atmospheric pressure. 
When the pressure was increased to 500 lb per sq in. and the 
temperature to 520 F, the fall-body failed to pass through the 
coils. Examination of the viscometer showed that a heavy 
coating of magnesium oxide had formed on the fall-body and 
tube, and therefore the magnesium-permalloy body was discarded. 

A new fall-body of aluminum with a permalloy insert was then 
built, the design being the same as that for fall-body No. 48. 
Check tests were conducted at pressures up to 1500 lb per sq in. 
abs. However, in a test where the pressure was increased to 


6“Pulsation of Air Flow From Fans and Its Effect on Test Pro- 
cedure,” by H. F. Hagen, Trans. A.S.M.E., vol. 55, 1933, paper 
FSP-55-7, p. 105. 

7 “Air Flow in Fan Discharge Ducts,’’ by L. S. Marks, Trans. 
A.S.M.E., vol. 56, 1934, paper PTC-56-2, p. 871. 

1 Published as paper FSP-57-11, by G. A. Hawkins, H. L. Solberg, 
and A. A. Potter, in the October, 1935, issue of the A.S.M.E. Trans- 
actions. . 

2 Dean of Engineering, Purdue University, Lafayette, Ind. Mem. 
A.S.M.E. 
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2000 Ib per sq in., one of the stuffing boxes for the wires to the 
timing coils blew out and upon inspection of the internal surface 
of the viscometer and of the fall-body, some evidence of slight 


oxidation was detected. 


The results of these new tests are shown in Fig. 2 of this dis- 
cussion. This figure differs from Fig. 9 of the paper in that the 
test points with the magnesium and aluminum fall-bodies have 
been added. With the exception of two or three points, the re- 


. sults are within 2 per cent of the figures obtained with the steel 


bodies. However, the results obtained were more erratic than 
those secured by use of the steel fall-bodies in spite of the longer 
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time of fall. Thus the authors are satisfied that no appreciable 
error can be traced to the steel fall-body and that the results 
recorded in Fig. 9 of the paper are satisfactory. 

B. O. Buckuanp.* The design of the apparatus used by the 
authors shows excellent judgment and the method of measuring 
the time of fall of the bodies is particularly ingenious. Further- 
more, there is a great need of the new information which the au- 
thors have produced in extending our knowledge of the viscosity 


3Turbine Engineering Department, General Electric Company, 
Schenectady, N. Y. Jun. A.S.M.BE. 
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of our most important energy-carrying fluid. The more we learn 
about the flow of steam in turbine nozzles the more we realize the 
importance of the viscosity effects. 

In studying the data presented by the authors two trifling ques- 
tions arise regarding the way in which the curves are drawn 
through the points, and one regarding the comparison with 
Schiller’s tests.4 The saturation curve in Fig. 9 seems to be 
drawn too far to the left by about 8 F, that is, the temperatures 
at which the constant-pressure-viscosity curves intersect the 
saturation curve are lower than the saturation temperatures 
corresponding to these pressures as given in modern steam tables. 

If the viscosity is calculated at the critical pressure by the for- 
mula representing the authors’ data on saturated water, the value 
will come out slightly lower than that shown on Fig. 9 for the 
viscosity of saturated steam at the critical pressure. If the criti- 
cal-pressure curve in Fig. 9 is drawn through this lower value of 
viscosity at saturation, it will look like the rest of the curves and 
it will represent the data satisfactorily as well as be consistent 
with the saturating-water data. 

In the comparison with Schiller’s data,* wherein an atmospheric 
pressure of 14.22 lb per sq in. is used, the ten atmospheres shown 
by Schiller probably should be labeled 142 Ib per sq in. abs instead 
of 147 lb per sq in. abs. 


W. S. SHoucayew.® The authors are to be complimented 
upon having presented the first complete work on the viscosity 
of water and steam under high pressures and temperatures. It 
should be noted that since 1931 some references may be found in 
German literature to a series of works on viscosity which had 
been started by some well-known investigators. Thus, in 1931 
the works of Max Jacob and then E. Schmidt (Danzig) were 
mentioned but no experimental results so far have been published. 
This shows that there are great experimental difficulties in in- 
vestigations of this nature and once more emphasizes the im- 
portance of the success achieved by American investigators. 

In the writer’s opinion, the experimental results on the viscos- 
ity of water and the ascertainment of the relation between vis- 
cosity of water and pressure are especially interesting. Neither 
the method nor the experimental results can be criticized. It may 
be noted, that the relation between temperature and viscosity is 
consistent with the writer’s experimental results® for tempera- 
tures up to 420 F. 

The results obtained by the authors on the viscosity of super- 
heated steam are likely to be looked upon as a first approximation 
only, with the consequent result that a more accurate determi- 
nation of the data may seem desirable. 

A thorough examination of this paper, however, will give rise 
to some criticisms because the reliability of some of the data, as 
far as superheated steam is concerned, seems to be doubtful. The 
following observations are offered in a spirit of cooperation in 
the common field of research. 

The fall-bodies Nos. 28 and 35 had precisely the same diame- 
ters. They were probably made of the same material. Con- 
sequently under these conditions (and from Equation [1]) the 
absolute values of © for both fall-bodies and at least the percent- 
age change in temperature of C must be the same for both fall- 
bodies. Contrary to this, according to Table 1, the constant Cc 
between 212 and 1000 F changes for the fall-body No. 28 by 15 
per cent and for the fall-body No. 35 by 82 per cent, while the 
fall-bodies Nos. 28 and 30, the difference of diameters of which 
is 0.007 in., have nearly the same temperature C’ values. In 


4 Bestimmung der Zahigkeit von Wasserdampf,”’ by W. Schiller, 
Forschung auf dem Gebiete des Ingenieurwesens, vol. 5, March-April, 
1934, p. 71. 

5 Laboratory of Technical Physics of the Thermotechnical In- 
stitute, Leninskaya 14, Moscow 68, U.S.S.R. 

¢ V. Schougayew, Jzwestiya, V.T.I., no. 7, 1934. 
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general, it is evident that the agreement depends not upon the 
diameter, as it should be according to Lawaczeck’s theoretical 
method,’ but upon the fluid in which the calibration was carried 
out. It should be noted that while the values for fall-bodies Nos. 
28, 30, and 31, each of which have different diameters but cali- 
brated for water, give a good agreement. The values of C for 
fall-bodies Nos. 28 and 35 on the contrary, as was previously 
noted, differ to a great extent, one being calibrated for water 
and the other for air or steam. The considerable change of the 
constant C with temperature is also doubtful. At first, it would 
seem that the aim of the investigators was to have fall-bodies pos- 
sessing a resistance to corrosion and oxidation similar to that of the 
tube surface and therefore the fall-bodies were to be made of the 
same alloy steel as the tubes. But this assumption would lead 
to results which would turn out to be absurd. Practically, if 
the fall-body No. 35 was made from a piece of Carpenter Steel 
Company No. 8 alloy according to the formula 


pe aad 
~ §[3(d + 26)? + (26)2] 


and assuming the temperature expansion coefficient for this steel = 
18.10-* it can be computed that the change of C between 212 F 
and 1000 F should not be more than 2 per cent. However, this 
change is 82 per cent according to Table 1 of the paper. 

The writer has computed the change of the fall time for fall- 
body No. 35 during tests with steam at a pressure of 1 atmosphere. 
The fall time in the range between 212 F and 1000 F measured 
directly by the authors of the paper appears to have changed 
by not more than 21 per cent while the value of C for the same 
fall-body changed by 82 per cent under the same conditions. 

Such a relation between the directly measured value and the 
empirical constant would seem objectionable in general. It 
would be much better if the change of the constant C was based 
on and explained by some theoretical calculation. It is regrettable 
that this is not the case and it is doubtful, therefore, to what 
extent the method, used for the given fall-body weights and 
sizes, is suitable for measurements in a fluid of such a low viscosity 
as steam. It is also doubtful to what extent all further data for 
steam are obtained from measurements or from calibrations 
based neither on theory nor experiment. Therefore, it would seem 
that such data are more or less arbitrary. 

In conclusion we may add that an investigation of a nature 
similar to that conducted by the authors was carried out by the 
Laboratory of Technical Physics of the Thermotechnical Insti- 
tute, Moscow, U.S.S.R. (Shougayew and Sorokin). By the time 
the paper under discussion was obtained our work had been 
completed and therefore our results may be compared with those 
obtained by the authors. The comparison shows that the results 
obtained by the authors are considerably higher than those ob- 
tained by our laboratory over the whole range from 212 F to 
706,F. The discrepancy of our data and the data of the authors 
may be seen from the curves in Fig. 1 of this discussion where 
the viscosity of saturated steam is plotted on a temperature basis. 
The comparison is limited to saturated steam because the vis- 
cosity on the saturation line determines the initial isobar points 
for superheated steam. 

Our measurements have been carried out by an absolute 
transpiration method. The experimental procedure was as fol- 
lows: The measurements were made by an apparatus developed 
in our laboratory, which was similar to the ring balance (Ring- 
waage). The steam flowed through a platinum capillary tube in- 
serted into the apparatus. The pressure loss was produced by 


7“Ueber Zahigkeit und Ziihigkeitsmessung,’”’ by F. Lawaczeck, 
Zeitschrift des Vereines deutscher Ingenieure, vol. 63, no. 29, 1919, 
pp. 677-684. 
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pouring tin into the apparatus. The values for the viscosity of 
nitrogen obtained by means of our apparatus, using the absolute 
method up to 900 F, are consistent with those of other investiga- 
tors, and with theoretical values obtained from Sutherland’s 
formula. 

The comparison of our data on the viscosity of steam with 
those of the authors led us to carrying out a thorough investiga- 
tion of the possible sources of mistakes which might be attri- 
buted to our experimental method but all possible small correc- 
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Fic. 1 ComparISON OF SHOUGAYEW’S AND Sorokin’s Data WITH 
Tuosr PRESENTED BY HAWKINS, SOLBERG, AND POTTER 


tions could not explain the disagreement in the results of the 
two works. We are accordingly greatly interested in the authors’ 
closure and their opinion concerning our statements. 


Huser O. Crorr.2 This work is a most valuable addition to 
the work of Speyerer® and Schiller as the practicing engineer 
now has values of the viscosity of steam and water which can 
be used with confidence throughout the entire range of practical 
work. The writer can remember when viscosities of steam were 
extrapolated from known values at atmospheric pressure by 
using Sutherland’s equation; the error involved by using this 
approximation is clearly indicated in Fig. 9 of the paper. The 
use of Sutherland’s equation was justified by the kinetic theory 
indicating that viscosity of a gas was independent of density or 
the pressure. 

The ideal physical quantity, viscosity, is very easily defined 
on paper but when one attempts to measure it, or apply scientific 
experimental results from a small apparatus to large-scale equip- 
ment, the writer wonders how close we approximate the truth. 
The writer has the unorthodox idea that, contrary to general 
belief, both the velocity of fluid flow and the scale size of the appa- 
ratus are an intimate part of viscosity effects in much the same way 


8 Head of Department of Mechanical Engineering, University of 
Iowa, Iowa City, Iowa. Mem. A.S.M.E. 

9Die Bestimmung der Ziihigkeit des Wasserdampfes,”’. by H. 
Speyerer, Forschung auf dem Gebiete des I ngenieurwesens, part 273, 
V.D.1., Berlin, 1925. 
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that the tensile strength of some materials is a function both of 
rate of loading and the scale size of the specimen. There is no 
doubt, however, that we are as close in the engineering applications 
of viscosities as we are in applying other scientifically measured 
physical properties to engineering structures and problems. It 
would be extremely interesting and valuable, if the authors could 
repeat the experiments with fall-tubes and bodies of different 
diameters. 

The term “saturated water” is used at several points in the 
paper. While this term occasionally appears in the literature it 
would seem to be a misnomer; perhaps the term ‘“‘water at the 
boiling point”? would better describe the condition. 

Could the decreasing slope tendency of the isobaric curves as 
they approach the saturated-steam line in the authors’ Fig. 9 be 
due to condensation of the superheated steam on the walls of the 
fall-tube and hence indicate a greater viscosity for the super- 
heated steam? 

The concave downward tendency of the isotherms in Fig. 10 
of the paper is extremely interesting as this would indicate that 
as the steam became nearer to the perfect-gas condition, the 
viscosity becomes more dependent upon the pressure. This, of 
course, is contrary to the kinetic theory as the viscosity of per- 
fect gases is independent of pressure and dependent only upon the 
absolute temperature. One would expect the isobaric lines to 
join into a single line and the isotherms to gradually change slope 
and eventually extend perpendicular to the pressure coordinate. 

It is somewhat disappointing to find the various values of the 
viscosity expressed in centipoises of the cgs system since the 
engineers of this country deal primarily with fps units. Con- 
version from one system to the other is simple of course. In the 
writer’s opinion, some books and technical publications are care- 
less in including quantities expressed in both egs and fps units in 
the same equation. It would seem much less confusing to have an 
equation include one system of units only. 

There is much confusion in the literature concerning the true 
dimensions of viscosity and density because of the indiscriminate 
use of the word “pound” for a mass and also for a force. The 
writer would suggest that the dimensional symbol for the pound 
mass be M with the abbreviation glb; and that the dimensional 
symbol for the pound weight, or force be W, with the abbrevia- 
tion, Ib. The dimensions of viscosity would then be: WT/L?, 
Ib sec per sq ft in force units; and M/LT, glb per ft sec in mass 
units. The dimensions of density (introduced in kinematic 
viscosity) would then be: WT?/L4, lb sec? per ft* in force units 
and M/L%, glb per cu ft, in mass units. The dimensions of 
specific weight would be W/L', lb per cu ft. 


R. C. H. Hecx.!° In general method and in detail of apparatus 
the scheme of experimentation seems to meet all requirements, 
leaving no opening for criticism. The accuracy of measurements 
is well within the limits of what can be expected and applied in 
the field. 

A minor question of interpretation arises. In the main plot 
and formulation of results shown in the authors’ Fig. 9, the 
writer believes that the two low-pressure curves should fix the 
slope of the whole family, toward the right or away from satura- 
tion. The data can be represented just as satisfactorily by curves 
which run into “parallelism, instead of having those for higher 
pressure rise a little more rapidly. 

It is a satisfaction to receive confirmation of the general view 
that the viscosity of a liquid is not appreciably affected by pres- 
sure, within engineering limits, and to know definitely that 
it does vary with pressure and density for a gaseous fluid. Un- 


10 Professor of Mechanical Engineering, Rutgers University, New 
Brunswick, N. J. Life Mem. A.S.M.E. 


certainty, but strong probability of increase, is now replaced 
by definite knowledge. 


AurTHors’ CLOSURE 


The authors appreciate the suggestions made by B. O. Buck- 
land. As Mr. Buckland points out the saturation curve shown 
in Fig. 9 of the paper was plotted unfortunately too far to the left. 
This error is approximately 6 F. Since this curve was used 
only to indicate the boundary condition it has no effect on the 
results of the original data. If Schiller referred to an atmosphere 
as 14.22 lb per sq in., then the 10 atmosphere line should be 
labeled 142 lb per sq in. instead of 147 lb per sq in., as suggested 
by Mr. Buckland. In plotting the results, the value for atmos- 
pheric pressure was taken as 14.7 lb per sq in. as is given in “FAand- 
book of Chemistry and Physics.” 

The accuracy of the equation given in Fig. 8 of the paper for 
the viscosity of saturated water is only 2 per cent at the extreme 
ends and should not be used in place of the original data. 

It is indeed gratifying to receive information relative to data 
obtained by W. S. Shougayew on the viscosity of water which 
verifies those presented in this paper. 

Before undertaking this investigation, a thorough search of the 
literature was made which included the works of Max Jacob and 
B. Schmidt. The complete bibliography contained about 800 
references and was omitted in the publication of the paper to 
save space. 

Mr. Shougayew has questioned the numerical value of the 
constants of the various fall-bodies as given in Table 1 and calls 
attention to apparent inconsistencies in these values. He is 
incorrect in assuming that the fall bodies and tube were made of 
the same material. In fact, Carpenter Steel Company No. 8 
alloy is nonmagnetic and could not be used as a fall-body with 
the method of timing employed by the authors. 

Fall-bodies Nos. 28 and 30 were made from one piece of steel 
which had a coefficient of expansion of 87 per cent of that of the 
tube. Fall-body No. 31 was made of a different steel, having a 
coefficient of expansion equal to 94 per cent of that of the tube. 
Fall-bodies Nos. 33 and 35 were made of other steels having coef- 
ficients of expansion which were 70 and 60 per cent of that of the 
tube, respectively. In each case, the material of the fall-body 
was analyzed and the coefficient of expansion was determined 
from the analysis and the data of the U. S. Bureau of Standards 
on the coefficient of expansion of metals. When this variation 
in the coefficient of expansion of various materials is considered, 
it will be found that the constants given in Table 1 are consistent. 
Moreover, as indicated in this discussion by one of the authors’? 
check tests using an aluminum fall-body confirm the results 
plotted in Fig. 9. 

In regard to a comparison of the curves for the viscosity of 
saturated steam as plotted in Fig. 3 of this discussion by Mr. 
Shougayew for his data and that of the authors, it should be 
observed that if his curve were plotted in Fig. 9 of the paper, 
about one half of Speyerer’s data and three quarters of Schiller’s 
data will fall to the left of Shougayew’s curve. Apparently there 
must be some error in the Shougayew values since they are not 
in accord with any of the investigators within the range recorded. 

Professor Croft’s idea that size is a factor in viscosity measure- 
ment is, as he states, unorthodox. As to the use of tubes and 
fall-bodies of several sizes in the authors’ apparatus, the con- 
stants for each set of tubes and fall-bodies would have to be deter- 
mined with respect to the known viscosities of water, air or other 
fluids and any scale effect due to size, if such exists, should be 
eliminated in the determination of the constants. 

Professor Croft’s statement that “Saturated water” would 
seem to be a misnomer is open to question. Saturated water is 
water at the boiling point and the term is used extensively in the 
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literature and in the Keenan steam tables in the sense in which the _(centipoise) units because it avoids the confusion which exists in 

authors have used it. the English system. ; 
Attention has been called to the confusion in the units of vis- An error exists in Equation [1] of the paper. This equa- 


cosity and density which are found in the English system of tion should read 

units. Professor Croft makes an interesting suggestion for dis- 

tinguishing between the pound mass and the pound force in eed een d°d wae 
symbol form. The authors have used the cgs system of viscosity 8 3B(d + 25)? + (28)? 
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EXPERIMENTAL PROPELLER LABORATORY OF THE LYCOMING DIVISION OF THE AVIATION MANUFACTURING CORPORATION 


Testing of Controllable-Pitch Propellers 


By G. T. LAMPTON,! WILLIAMSPORT, PA. 


So much has been written about the effect of controlla- 


ble propellers on airplane performance that aeronautical 
engineers now are probably more interested than ever be- 


fore in the general engineering background of this device 


| which permits them to use wing loadings upward of 20 lb 
per sq ft. 


The problem involved in changing the pitch 
angle of blades subjected to centrifugal loads of the order 


N FIG. 1isshowna general view of the experimental propeller 
laboratory of the Lycoming Division of the Aviation Manu- 
facturing Corporation. The merit of the equipment lies 
chiefly in the fact that the operating conditions of any power- 


plant combination may be quickly and cheaply duplicated on 


the dynamometer shown on the left in Fig. 2. This dyna- 


' mometer is rated at 70 hp and will receive any of the standard 
¢rankshaft ends and rotate a propeller assembly with dummy 


blades at material overspeeds. The motor-generator set and its 
controls may be seen in Fig. 1 behind the propeller surface plate. 
Of course, the use of electrical power is open to the objection that 


1 Project Engineer, Lycoming Division, Aviation Manufacturing 
Corporation. Mr. Lampton received the degree of B.S. from the 
University of California in 1923. He was commissioned in the Air 


' Corps and was graduated from the Advanced Flying School in 1924. 


In 1926 he was graduated from the Air Corps Engineering School 
and assigned to duty with the propeller unit. In 1929 he resigned 
from the Army to become associated with Air Propellers, Inc., de- 
veloping a seamless hollow-steel blade process. 

Contributed by the Aeronautic Division and presented at the 
National Technical Aeronautic Meeting of THe AMERICAN SOCIETY 
or MECHANICAL ENGINEERS held in St. Louis, Mo., October 10 to 12, 


» 1935. 


Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until July 10, 1936, for publication at a later date. Discus- 
sion received after this date will be returned. 

Nore: Statements and opinions advanced by authors are to be 
understood as individual expressions of their authors, and not those of 


' the Society. 
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of 50 tons with safety and reasonable weight limits is ob- 
viously one which requires a competent design and testing 
staff equipped with elaborate facilities. The purpose of 
this paper is to describe some unique test methods and 
equipment which have been used successfully both in the 
development and in the testing of the Lycoming-Smith 
propeller. 


engine conditions are not precisely duplicated due to the absence 
of vibrations, but in a great many respects actual flight régimes 
can be more closely approximated than is possible with engine 
ground tests at low blade angles and high aerodynamic torsion. 

Fig. 2 is a view of the dynamometer showing an experimental 
assembly installed. The dummy blades are of solid steel and 
develop the same centrifugal force as the blades they simulate. 
Due to the dihedral angle incorporated in the Lycoming-Smith 
propeller, they also impress a centrifugal moment on the blade 
bearings which approximates the mean engine torque. The 
counterweights extending at right angles to the dummy blades de- 
velop a pitch-reducing moment equal to the centrifugal torsion 
of the blades which may be computed from the equation 


tip 
M, = 2.84 < 10> 6 wef (Unajor > Lininon) sin! 6 cos 6 dh 
cl 


Where M, is the centrifugal torsion, J is the major and minor 
moment of inertia of a given section, N is the speed in rpm, 6 
is the density of the blade material, 8 is the angle between the 
major axis of a section and the plane of rotation, cl refers to the 
center line of the shaft, and F is the radius of the propeller. 

Fig. 3 shows the centrifugal torsion of a family of hollow steel 
blades at indicated engine speeds. It should be noted that 
modern aircraft operate near maximum torsion. 

At a given angle and speed the test counterweights may be 
proportioned from 


Fig. 2 
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EXPERIMENTAL ASSEMBLY INSTALLED ON THE DYNAMOMETER 


(The dummy blades are of solid steel and develop the same centrifugal force as the blades they simulate.) 


M, = 0.947 X 10- wN? (1,3 — b) sin 6 cos B 

Where w is the weight per inch of counterweight length, h is the 
length of counterweight measured from the blade center line, 
lis the radius of the dummy blade. Of course, it is necessary to 
allow for the fact that the blades have zero torsion at a blade 
angle of approximately —8 deg, whereas the counterweight is 
zero in the plane of rotation or over the crankshaft. Although 
the Lycoming-Smith propeller does not require any precise 
balance between centrifugal and aerodynamic torsion, the latter 
may be calculated by taking along the blade the integral of the 
product of the unit air loading and the eccentricity of the center of 
pressure. The flexibility of this test procedure is obvious, and 
various overload tests have resulted in a number of detail im- 
provements. With these methods, it is possible, almost overnight, 
to subject a given propeller to control tests equivalent to its nor- 
mal expected life. It is also useful in the preliminary investiga- 
tion of remote engaging devices, and in taking indicator cards of 
the control forces required. 

The Lycoming-Smith propeller is of the mechanical type, the 
blades being rotated by means of a worm shaft which is in turn 
rotated by a primary worm gear actuated by selective engagement 
with a right-hand or left-hand stationary worm. It is considered 
highly desirable for the worm at the propeller blade to be ir- 
reversible in order to insure the blades from jumping to a nega- 
tive angle in the event of failure of the actuating mechanism. 
This necessarily results in poor gear efficiency, but nevertheless, 
the gear train should not be penalized by unnecessarily low worm 
lead angles, i.e., the efficiency must be as high as is consistent with 
the irreversibility. In the foreground Fig. 2 may be seen a setup for 
the determination of gear-train efficiency, the net blade torsion 
being applied at the counterweights while the required control 
torque is measured directly on the stop tube extended through the 
hub. Fig. 4shows some typical efficiency curves for the blade and 
intermediate gearing obtained in the study of lubricants. Various 
gear materials were also tested in this manner, but none of them 
showed any marked superiority over the standard alloy steels. 
The nitralloys, however, were interesting in that their starting 


| Torsion is practically 
independent of diameter 


8 16 24 32 40 48 
Blade Angle, deg at 42 in. 


Fic. 3. CrenrriruGat-Torsion Curves oF A Famity oF HoLitow 
SrEeL BLADES AT CORRESPONDING RATED ENGINE SPEEDS 


and running frictions were equal, whereas the starting friction 
with other combinations was about 25 per cent greater. 

Fig. 5 is a typical curve of bearing friction obtained by apply- 
ing the centrifugal load to dummy blades with a tensile-testing 
machine and rotating the hub about the blades to determine 
the friction torque. The deflection of the main blade bearing 
stack was, of course, readily obtained by clamping an indicator 
to the “blades’’ and reading the amount they pulled out of the 
hub. The setup is illustrated in Fig. 6. A similar method 
was used to check the ultimate strength of the hub, which was 
340,000 Ib. At this load, the barrel assumed a bellmouth shape 
and allowed the nut threads to fail. Stock was subsequently 
added to increase further the margin of safety under diving 
conditions. 

A test which is more elementary but which is none the less of 
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sonsiderable interest to engine designers because of its influence on 
crankshaft resonance and gyroscopic stresses, is the determination 
‘of the polar moment of inertia. This is done by suspending the 
propeller in a horizontal position by attaching the blades to 
equally spaced vertical wires by giving the propeller a small 
‘angular displacement, and by recording the time for approxi- 
smately 25 cycles. It can be shown that the radius of gyration 


S = 
R= 37 Voll 


«where S is the wire spacing from the center line, f is the oscilla- 
tion frequency in cycles per second, and ZL is the length of the 
wires. Some results are shown in Table 1. 

While the tests previously referred to are necessary for con- 
stant improvement in the design of a controllable propeller, 
a comprehensive knowledge of the vibration characteristics of all 
models is of greater importance to their safe operation. Ob- 
viously, the malfunctioning of the control mechanism, which in a 
‘propeller of the Lycoming-Smith design would merely leave the 
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TABLE 1 POLAR MOMENTS OF INERTIA OF VARIOUS LYCOM- 
ING-SMITH PROPELLERS 
Polar moment 


Propeller Diameter, Radius of Weight, of inertia, 

no. ft gyration, in. lb Jb-ft sec? 
P220 8.25 14.88 109 5.20 
P431 9.50 16.28 229 13.04 
P431 9.25 15.02 228 11.08 
P321 8.50 14.59 135 6.17 
P221 8.25 13.47 125 4.87 
P421 8.50 14.11 163 7.00 
P5315 (600) 11.50 20.40 356 32.00 
5B1-6 8.50 14.95 60.7 2.92 


pilot with a fixed-pitch propeller, is not nearly as serious as a 
blade failure which might result from an improper propeller 
application. Vibration tests, conducted in accordance with the 
U.S. Army Air Corps technique, therefore form the largest part 
of the test work conducted by the company with which the 
author is associated. In fact, these tests are considered so 
important that it is our policy to vibrate all commercial propel- 
lers shipped until the uniformity of different units of the same 
design is unquestionably established. The uncertainty which 
has existed heretofore regarding the proper coefficients to apply 
to the nonrotating resonance data as a centrifugal correction is 
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rapidly being eliminated and proposed installations may be ex- 
amined for dangerous conditions with a reasonable degree of 
assurance. 

In addition to blade torsion, propellers vibrate both sym- 
metrically and asymmetrically and may pass through as many 
as six different modes before attaining full operating speed. 
These periods are of both types with increasing number of nodes 
along the blade. The conditions which obtain in passing through 
the lower modes during certain conditions, such as take-off, are 
worthy of consideration. The conventional radial engine ac- 
celerates about 700 rpm per sec when the throttle is rapidly 
opened, so it would pass through a resonant band 70 cycles wide 
in 0.1 see, which would subject the propeller to approximately 12 
explosions of the engine. Since just a few of these would be at 
exact resonant frequency, it follows that the amplitudes and 
stresses do not build up to maximum values. During the period 
in which the engine is being warmed up, the first and second 
modes are encountered at small throttle openings and low excita- 
tion. Therefore, the designer’s greatest concern is with those 
modes in which the frequencies are in or near the operating 
range, unless the slower types are excited aerodynamically or 
combined with other resonant phenomena. 

The propeller is continuously vibrating in all its possible 
modes. However, the amplitudes are negligible in modes in 
which the frequencies are several times or a small fraction of the 
frequency of the impressed excitation. A brief consideration of 
the several sources of excitation is all that is necessary to appre- 
ciate the constant vibration to which the blades are subjected. 

First, of course, are the engine explosions. The resultant 
variation in angular velocity causes symmetrical bending in the 
plane of rotation and therefore symmetrical bending across the 
axes of the minor moment of inertia due to the angularity of the 
blade sections. If the centers of gravity are out of track or the 
face alignment is imperfect, angular deflections may result which 
would cause asymmetrical variation in air loading. 

The variation in angular velocity sets up a corresponding 
variation in centrifugal torsion and thereby excites blade tor- 
sional vibration. This is particularly serious in the case of 
engines with 12 and 14 cylinders where the explosion frequency 
is from 12,000 to 15,000 per min, because the torsional frequen- 
cies lie in this range. This excitement is aggravated by the un- 
stable center-of-pressure travel of the airfoil sections in common 
use. The resulting vibration is extremely violent, as has been 
shown by a fatigue failure of a blade worm shaft on a direct- 
drive twin-row radial engine during a flight of one half an hour. 
The 1000 lb-in. of blade bearing friction was insufficient damp- 
ing to protect the control mechanism. 

Of the low-frequency vibrations, the period of the engine mount- 
ing is one which has not received sufficient attention. In general, 
their frequencies must be well below cruising speed or the vibra- 
tions resulting from engine and propeller unbalance will be 
uncomfortable. The author has measured recently some power- 
plant characteristics by welding an air-motor bracket to the 
propeller nut and rotating the unbalanced weight parallel with 
the plane of rotation, and it was found that the frequencies were 
of the order of 1000 to 1400 per min. With the natural period 
at the upper end of this range, appreciable amplitudes will be 
present at cruising speed. As long as the deflection is equal 
around the center line of the shaft, the shaft merely rotates ec- 
centrically with a negligible effect on the propeller. However, 
with different frequencies in the horizontal and vertical direc- 
tions, which condition is quite common, inertia forces of 
magnitude may be encountered. Also, if the engine is run 
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at the frequency of the engine mounting until the vibration 
becomes violent, gyroscopic blade stresses may be developed 
which are almost as severe as the mean torque bending stresses. 

The shifting of the axis of power-plant vibration may also be 
serious, as pointed out by J. Tyler, formerly with the General 
Motors research laboratory. At zero speed the power plant 
vibrates about an axis determined by the characteristics of the 
engine mounting, and then shifts to the axis of the least moment 
of inertia at infinite speed. At other speeds, the vibration will 
shift to an intermediate axis peculiar to that speed. These 
phenomena in aircraft power plants are totally unexplored at 
this writing. 

The exciting influence of variation of air flow through the pro- 
peller disk is well known. For instance, a two-bladed propeller 
on a leading-edge nacelle would obviously be hazardous if its 
symmetrical fundamental lay within the range of twice engine 
speed. These conditions would also force asymmetrical vibrations 
in a three-bladed propeller. A windshield, and two landing-gear 
legs approximately equally spaced could excite symmetrical 
vibrations in a propeller with an odd number of blades and 
asymmetrical vibrations in a propeller with an even number of 
blades. A number of failures have been traced to such condi- 
tions. 

The effect of crankshaft torsion is well known, and the severity 
of this type of vibration is illustrated by a blade failure during a 
test run at half of the rated power and approximately half the 
normal] blade stresses of the propeller, but at crankshaft torsional 
resonance. The importance of crankshaft and propeller-shaft 
bending, however, is just becoming appreciated. 

The shaft of a radial engine has natural bending frequencies 
both perpendicular to and parallel with the crank throw. It is too 
soon to say how many engines have one or both of these types 
in the operating range, but investigation will probably show that 
most crankshaft troubles not due to torsional resonance are trace- 
able to bending resonance. A suitable test method is to install a 
propeller of a given weight and vibrate the piston of the master 
rod. It should be noted that shaft bending vibrations, not neces- 
sarily at resonance, are an adequate explanation of the origin of 
asymmetrical blade vibrations. 

The reader must not conclude that these vibration characteris- 
tics pertain only to controllable propellers. The fixity of the 
blades in the hubs of the successful controllable propeller is 
practically the same as a fixed-pitch propeller. In fact, the char- 
acteristics of all propellers, regardless of type and blade material, 
are quite similar. It is fortunate that a knowledge of resonance 
phenomena has been accumulated concurrently with the general 
use of controllable propellers, otherwise failure due to resonance 
might have incorrectly discredited them. 

The present-day conception of the importance of resonance 
phenomena reopens the entire question of propeller and engine 
tests for acceptance and approved-type certificates. It is 
quite possible for a power-plant combination to satisfy the current 
requirements and pass a 100-hr test at full throttle and still fail 
after comparatively brief service if some type of resonance occurs 
at or near the cruising speed. The company with which the 
author is associated and several governmental agencies, notably 
the U.S. Army Air Corps, are now working on instrumentation and 
technique for the detection of resonance under actual operating 
and flight conditions. It is to be hoped that the success of this 
work in the near future will make it possible to modify the ac- 
ceptance test so that comparatively brief and inexpensive runs 
under resonant conditions would satisfy all questions of endur- 
ance and safety. 
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Fig. 1 Tse Trintpap STaTIon oF THE TEXAS PowER AND LIGHT COMPANY 


Operating Experience With Pulverized 


Texas Lignite in a Large Central Station 


By NORMAN G. HARDY,! DALLAS, TEXAS 


This paper describes the lignite resources of Texas, the 
characteristics of lignite, and the equipment, operating 
practices, and results obtained in burning it at the Trini- 
dad steam-electric station, the base-load station for the 
Texas Power and Light Company, 65 miles southeast of 
Dallas. The station has six steam-generating units firing 
pulverized lignite, and two 20,000- and one 35,000-kw turbo- 
generators. The original plant, consisting of four steam- 
generating units, and two 20,000-kw turbines, started 
operation in June, 1926. The rest of the station started 


LIGNITE RESOURCES OF TEXAS 


HERE are lignite deposits in an area of 50,000 sq miles 
Os: Texas, extending in a belt from the northeastern corner 
of the state in a southwesterly direction nearly to the Rio 
Grande. The area is not generally underlaid with uniform de- 
posits, as has sometimes been supposed, but the deposits are in 


1 Superintendent of Power, Texas Power & Light Co. Mem. 
A.S.M.E. Mr. Hardy was graduated from Rensselaer Polytechnic 


. Institute in 1910 with the degree of C.E. For two years he served 


as test engineer and assistant superintendent at the steam power 
station of the Cananea Consolidated CopperCo. From 1912 to 1918 
and from 1919 to 1922 he was associated with the Arizona Copper 
Co., first as mechanical engineer on power-plant construction and 
later as superintendent of power plant, transmission lines and sub- 
stations. During 1918 he was power supervisor at the Old Hickory 
Powder Plant. Since 1922 Mr. Hardy has been connected with his 
present firm as chief engineer of a plant, production engineer, and 
superintendent of power. 


operation in May, 1931. Trinidad was not only the first 
large station to use Texas lignite, but also the first to use 
it in pulverized form. In the ten years of its operation it 
has used 100 per cent pulverized lignite very successfully in 
regard to reliability and economy. Operating costs have 
been favorable as compared with fuel oi] and natural gas 
during a period when there has been a very large flush pro- 
duction of each within the state. It is now the only sta- 
tion burning pulverized Texas lignite and the only large 
station burning it in any form. 


relatively small lenticular bodies. Since there are no surface 
indications of the location of deposits and there have been no 
general systematic explorations made, it is impossible to make 
any accurate estimate of the probable total amount of lignite 
available. Deposits vary in thickness from a few inches to 14 
ft with most minable deposits 6 to 9 ft thick. In most cases the 
deposits are 40 to 150 ft deep and both the floor and the roof 
are of clay or soft shale, making mining difficult. 


Contributed by the Fuels Division for presentation at the Semi- 
Annual Meeting of THe AMERICAN Soctery oF MrecHANnicaL ENGI- 
NEERS to be held in Dallas, Texas, June 15 to 19, 1936. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until July 10, 1936, for publication at a later date. Discussion re- 
ceived after this date will be returned. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those of 
the Society. 
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Within the lignite-producing areas, lignite was quite gener- 
ally used in the small local power plants and for other fuel re- 
quirements before the electric-transmission networks covered 
the area, but nearly all of these plants have been superseded by 
transmission-line service. Other uses of lignite have been super- 
seded to a large extent by natural gas. 

The United States Geological Survey Reports show that the 
annual production of lignite in Texas increased from 124,000 
tons in 1895 to 1,181,000 tons in 1913. Between 1913 and 1927 
it varied from 762,000 tons to 1,186,000 tons. In 1932 produc- 
tion had dropped to 614,000 tons, increasing to 785,000 tons in 
1933, the last year for which a report is available. The Trinidad 
station consumption in 1933 was 537,000 tons, leaving only 248,- 
000 tons production for all other uses. A few small generating 
stations near the lignite-producing areas are operating with lig- 
nite, using various types of stokers under small boilers. These 
installations have been fairly successful, but their efficiency is 
generally low. 

Lignite in its natural state is seldom suitable for use except 
very close to the mines, and therefore can compete with other 
fuels as a source of power or heat only in such localities, because 
(1) its heating value per pound is so low that transportation and 
handling costs are relatively high, (2) it is not suited for ship- 
ment to any great distances except for use in pulverized form 
due to comminution in shipment and storage, and (3) it is not 
suited for use at distances remote from the mines where han- 
dling into and out of storage is necessary due to its tendency 
to burn spontaneously. 

It has been recognized by those who have been interested in 
the development of lignite that any large use must be either after 
it has been carbonized or dried and briqueted, after it has been 
converted into liquid and gaseous products by distillation, or in 
central generating stations near the mines. For many years 
government departments and individuals have done much 
research on a small scale looking toward the carbonizing and 
briqueting of lignite, and its conversion in whole or in part to 
gaseous and liquid products to obtain fuels better suited to trans- 
portation and for use in power generation and domestic and 
industrial heating. None of these processes has offered promise 
of fuels at costs which would be competitive with the other fuels 
available in Texas. 

Since the start of the developments of the transmission system 
in central Texas in 1912, lignite has been considered as a possible 
future fuel and designs for steam power plants have been made, 
which, in some cases, have provided for future installation of 
stokers. The first important investigation of the possibilities of 
using lignite, as well as other types of coal in central stations in 
Texas was made at Fort Worth in 1918 and 1919 by the Electric 
Bond and Share Company with tests of several different types of 
stokers and furnaces under straight-tube boilers with heating 
surfaces of 5180 sq ft. In these tests it was found that under- 
feed stokers could be operated with good economy, high over- 
loads, excellent flexibility in operation and low fuel consumption 
during banking periods. Fair economies were obtained with 
Coxe stokers, but they were unsatisfactory in regard to capacity 
and flexibility. It was thought that performance could probably 
be improved by better furnace design. Natural-draft chain 
grates were also tried with promising results, but it was concluded 
that these stokers were not suitable for the overloads and flexi- 
bility required in a central station. Before these tests were com- 
pleted the price of fuel oil had declined to a figure that made it 
unnecessary to consider further the use of coal or lignite. 


PRELIMINARY Strupies LEADING TO BurmpINa OF TRINIDAD 
STATION 


In 1924 the very rapid growth of load made it necessary for 
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the Texas Power and Light Company to start plans for a new 
base-load station to serve their transmission system, covering 
an area approximately 300 miles from north to south and 200 
miles from east to west. At the time fuel oil was not available 
at a price permitting its use in a large generating station in com- 
petition with other fuels. It did not seem advisable to build a 
new station to use natural gas, since the prices at which con- 
tracts could then be made were at least as high as for solid fuel, 
and future trends of supply and prices were very uncertain. 

In the preliminary investigations, stations were considered 
at locations where Oklahoma bituminous coal, central Texas 
bituminous coal, and lignite could be obtained economically. 
Influenced largely by its favorable location with respect to the 
company’s loads, it was decided to build a station to use lignite in 
east Texas, if adequate reserves could be obtained. After exten- 
sive investigation, adequate reserves were located in the vicinity 
of Malakoff and a suitable station site was found near the Trinity 
River at Trinidad. 

By this time many stations were using pulverized coal and so 
both underfeed stoker and pulverized fuel firing were considered. 
There was an opportunity, in cooperation with others, to make a 
test of pulverized lignite in a steam-generating unit at St. Paul, 
Minn., which had a heating surface of 10,440 sq ft. The fuel- 
handling, drying, and pulverizing equipment, and burners, and 
furnace were designed for operation with high-grade bituminous 
coal, and in many particulars were not suited to operation with 
pulverized lignite. Therefore, the results were not in themselves 
good, but the causes of difficulties were evident and the remedies 
apparent so that all who witnessed the test were convinced that 
equipment could be designed to burn pulverized lignite satis- 
factorily. The designers also had available experience at a 
number of other stations burning low-grade fuels in pulverized 
form. As a result, it was decided to build the Trinidad Station 
for pulverized lignite. Among the important considerations 
leading to the decision were the unimportance of comminution, 
the ease and cheapness of pulverization, the ease of ignition, 
freedom of burning, low banking cost, and the excellent per- 
formance, economy, and flexibility obtainable. 


CHARACTERISTICS OF TExas LIGNITE 


When Texas lignite is freshly mined, it has, in general, a dull 
black appearance with a brown streak. Much of it shows dis- 
tinctly the grain of the wood from which it was formed, but none 
of it has any unconverted woody material. The pulverized 
lignite has a brownish tinge, the finer the state of grinding the 
browner the appearance. After continued exposure of lump 
lignite to the atmosphere, the lumps lose moisture and com- 
minute, presenting a grayish appearance on the exposed surfaces. 
The loss in weight on exposure is due chiefly to loss of moisture. 
The appearance of the lignite is a very unreliable guide to the total 
moisture present. Lignite containing as much as 33 per cent 
moisture appears to be dry and when pulverized is not sticky nor 
gummy. 

The lignites of North Dakota and Texas, the two largest fields 
in the United States, are quite similar, although those from 
North Dakota usually have a little more moisture. The lignites 
of Colorado are more highly developed, contain less moisture, 
and have a higher heating value. 

American lignite has quite frequently been likened to the . 
German brown coals, the development in the preparation and use 
of which has been cited as an example of the use which should be 
made of lignite in this country. Actually they differ greatly. 
German brown coals have about 60 per cent moisture, a heating 
value of 3200 to 4500 Btu per lb and enough gummy constituents 
to serve as a binder for briquetting. Brown coal is intermediate 
in development between peat and American lignites. It is soft 


TABLE 1 
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SAMPLES 


Proximate analysis, as received, per cent: 


Moisture 


Carbonsense ceca teat 


Calorific value, Btu per lb: 
As received 


TABLE 2 ANALYSIS OF ASH 


Constituents, per cent: 


IMioISGU@Rr serey- 1g a2 aa) aes 
Loss in ignition...........- 
Sthbarssctias ceitaebrn. Abts. 


Magnesium oxide. . 
Sulphur trioxide. 
Undetermined... 


enough so that it can be cut with a spade. 


ANALYSES AND HEATING VALUE OF LIGNITE 


Mine Lignite as 
sample delivered 
34.5 31.0 
26.3 29.2 
29.7 27.1 
Sats bine he wees 9.5 12.7 
7 ee 100.0 100.0 
5.3 
62.4 
1.2 
Sal hens ee 15.5 me 
fs cme 1.0 0.79 
Heats Koay ees 14.6 ote 
Ree eee 100.0 
Feats ok 7170 7097 
fe Te 10960 10280 
BE RR Orie 12830 12614 
Meats PieiitasGrsie 0.08 
2 the daa? Pee 0.55 
aa anions Ske Ze% 48.00 
Che ote reed) seme 0.67 
Se eee ease 5.76 
Ng Tre reac he ROE NS aera 27.50 
OES Le A POE» | 14.97 
Cee uate Sint ah at 2.04 
0.41 
0.12 
100.00 
1.51 


Much of it is only 


partially converted, and in many cases small pieces of wood are in 


evidence. 


of a typical mine sample and 
a representative weekly com- 
posite of actual deliveries of 
Texas lignites are given in Table 
WB 

Lignite is hygroscopic, hold- 
ing 26 per cent to 28 per cent 
moisture, which is not given up 
easily until after comminution. 
The surface of lignite in storage 
air drys to a moisture content of 
between 9 and 13 per cent, but 
the body of the pile continues to 
hold 34 to 37 per cent of moisture. 

The ash has a softening tem- 
perature of 2190 F to 2460 F, and 
is inert chemically. An analysis 
of the ash is given in Table 2. 


The alkalinity was determined - 


by extracting the ash with dis- 
tilled water and testing the ex- 
tract. It is interesting to note 
that while coal ash is usually 
acidic this ash is alkaline. 


Mining AND DELIVERY 


The lignite used at Trinidad 
is obtained from several mines 
near Malakoff, eight miles from 
the station. Fuel for all ordi- 
nary requirements is mined by 
underground methods, but about 
10 per cent of total] reserves can 
be mined economically by strip- 
ping. For stripping operations, 
a stripping shovel with a ca- 
pacity of 8 cu yd and a lignite 


On the other hand, Texas lignites are real coals with 
none of the peaty characteristics of the brown coals. 
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shovel with a capacity of 3 cu yd are used. Both shovels are 
electrically operated. The strip mine is held in reserve to in- 
sure an adequate supply to the station in case of interruption of 
supply from shaft mines for any reason. 

Lignite is delivered to the station storage tracks by the mining 
company in 104 hopper bottom-dump cars of 45 tons capacity 
and 70 hopper bottom-dump cars of 70 tons capacity. With this 
number of cars it is possible for the mining company to keep 
enough loaded cars on the plant tracks to give a continuous supply 
to the station. However, some lignite is held in storage at the 
station to provide for emergencies. In the ten years of station 
operation it has been necessary to use lignite out of storage only 
once when a bad freight wreck damaged a trestle on the main- 
line railroad over which the mining company’s trains are oper- 
ated. On another occasion, lignite was used from storage to 
conserve the supply in the cars when a flood threatened to inter- 
rupt train service. 


DESCRIPTION OF EQUIPMENT 


The Trinidad station is shown in Fig. 1, in which can be seen, 
from right to left, the lignite storage yard, lignite crushing 
tower, pulverizing bay, boiler bay, turbine bay, and high-tension 
switching yard. Fig. 2 shows a cross section of the pulverizing 
and boiler bay of the 1926 installation. The 1981 installation is 
of similar arrangement but roofs of both pulverizing and boiler 
bay are built higher in order to house the larger units. 

Method of Handling Lignite. Switching at the station is done 
by two storage-battery locomotives. Lignite, after being 


Analyses weighed on track scales, is dumped by hand into a hopper ad- 
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Fie. 2. Cross Section oF THE PULVERIZING AND Borer Bay or THE Units INSTALLED IN 1926 


jacent to a tower where the lignite is crushed and elevated. 
The equipment used for crushing and conveying the lignite was 
supplied in duplicate by the Stephens-Adamson Manufacturing 
Company. Fach set, with a capacity of 100 tons per hr, con- 
sists of an apron feeder with a magnetic-head pulley, two Pennsyl- 
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Fig. 3. Cross Secrion or StraM-GENERATING Unit INSTALLED IN 


1926 


vania 24 X 50-in. single-roll crushers in series, with a vibrating 
screen between them. A bucket elevator and cross-belt con- 
veyor, equipped with a Merrick weightometer and magnetic- 
head pulley, conveys the lignite from the crusher to a reversi- 
ble shuttle-belt conveyor which discharges into the crushed- 
lignite bunkers. At the head of one of the cross-belt conveyors 
there is an automatic sampler, crusher, and quartering device for 
taking a continuous sample. The conveying system is arranged 
to permit each unit to discharge to either of the following units: 
Crushed lignite may be discharged from the bucket elevators 
through a chute into the storage yard, which is 215 X 368 ft in 
extent. Lignite is distributed in the yard and reclaimed by a 
Sauerman Brothers drag scraper with a bucket having a capacity 
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of 2 cu yd. Reclaimed lignite is discharged through gates into 
the track hopper whence it follows the regular path. Three 
sides of the storage yard are enclosed with earth dikes 9 ft high 
to reduce air circulation in the stored lignite. The yard when 
filled to a depth of 8 ft has a capacity of over 18,000 tons. 

Fuel Pulverizing. From the bunkers the lignite flows by 
eravity through driers to the pulverizing mills. Driers are of 
the steam-heated grid type, using steam bled from the turbines 
at pressures between 8 and 10 lb per sqin. gage. For each 15-ton 
mill there are four stacks of 45 cast-iron grids. For each of the 
25-ton mills there are six stacks of 50 grids. Each grid is 2 ft 
8 in. wide by 8 ft 4 in. long. Alternate grids in the lower two 
thirds of each stack have smaller openings than the other grids 
so as to give a zigzag path to the lignite. There is a 0.75-in. 
space between grids. Approximately 3 hours are required for 
lignite to pass through the drier. Each drier is enclosed in an 
insulated steel housing so arranged that the drying air is admitted 
through doors to one side of each stack of grids and passes trans- 
versely through the lignite to the suction ducts of the drier fan. 
There is a bopper at the bottom of each stack of grids which dis- 
charges through a 12-in. pipe to the mill. 

On a floor between the driers and mills are the drier fans and 
mill exhaust fans. The drier fans for the 15-ton units are Green 
Fuel Economizer Company, type SA, No. 41/2 fans, operating 
at 686 rpm and rated at 16,000 cfm at 140 F against 6 in. water 
pressure. The fans for the 25-ton units are American Blower 
Corporation’s type 55 MD, operating at 850 rpm and rated at 
24,000 cfm at 150 F against a water pressure of 7 in. The fans 
discharge the air to cyclone separators at the top of the building. 
For the 15-ton unit these separators are 9 ft in diameter and 15 ft 
high. For the 25-ton units they are 11 ft in diameter and 18 ft 
high. The air passes from these cyclones through air washers to 
the atmosphere. The dust collected in the drier cyclones is 
discharged to the mill cyclone air system. 

There are four Raymond super-six roll-type pulverizing mills, 
rated at 15 tons per hr, each driven by a 200-hp induction motor, 
and two similar mills, rated at 25 tons per hr, each driven by a 
300-hp wound-rotor induction motor. The mill exhaust fans 
for the 15-ton mills are No. 14 Raymond fans operating at 1175 
rpm. For the 25-ton mills the fans are of the same type but 
operating at 1170 rpm, and having a capacity of 28,000 cfm at 
108 F against a static pressure of 24 in. of water. For each of the 
15-ton units there is a cyclone separator 8 ft in diameter and 15 ft 
high. For each of the 25-ton units there is a cyclone separator 
12 ft in diameter and 19 ft high. The air system for each mill 
operates on a closed cycle. For the 15-ton mills the air flow is 
from mill to fan to cyclone to mill. For the 25-ton mills the flow 
is from mill to cyclone to fan to mill. Each mill system is vented 
to the suction duct of the drier fan to maintain a negative pressure 
in the mill, and to reduce humidity in the mill circuit. A small 
amount of air is admitted at the mills. 

From the discharges of mill cyclones, duplicate screw-con- 
veyor systems convey the pulverized lignite to the boiler bins. 
Bach serew conveyor has a capacity of 52 tons per hr at 80 rpm. 
At each crossover point, gates are provided to permit discharge 
into any of the following conveyors, making the conveyor system 
completely flexible. 

There is an interlocking system, which includes the mills, 
mill exhauster and drier fans, cyclone gates, screw conveyors 
(centrifugal switches), gates between serew conveyors, and emer- 
geney discharge gates at ends of screw conveyors. There is a 
diagrammatic interlocking panel with key-operated switches 
corresponding to each gate. After the operator has set up for 
the sequence of flow desired, motors can be started only in pre- 
determined order and all preceding motors will be shut down if 
any one fails, if a gate which should be open between conyeyors 


» lower rows which are 3!/,-in. tubes. 
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is closed, or if the emergency gate at the end of a conveyor is 
forced open by flow of lignite. 

Steam Generators. The first four steam-generating units were 
designed to produce 185,000 lb of steam per hr at a pressure of 
425 lb per sq in. gage, and a temperature of 750 F. A cross sec- 
tion of these units is shown in Fig. 3. The boilers were sup- 
plied by Babcock and Wilcox and are of typical three-pass cross- 
drum design with interdeck superheaters. They are 44 tubes 
wide and 18 tubes high with 4in. X 20-ft tubes, except the two 
There are spaces for ten 
rows of tubes below the superheater of which the first, third, fifth, 
ninth, and tenth rows are in place, the others being omitted. 
Above the superheater there are 13 rows in regular arrangement. 
The superheaters have three passes with a total of 344 tubes 
2 in. in diameter in each superheater. The furnaces and settings 
were supplied by Combustion Engineering Company. The 
principal dimensions of the setting are given in Table 3. The back 
wall (burner wall under lower end of boiler tubes) and side walls 
of furnace for a width of 7 ft are air-cooled with secondary air 
admitted to air-cooling passages through dampers at the sides 
of the settings and passing horizontally to openings in the back 
wall. The remainder of each side wall is water cooled with 24 
bare-finned 4-in. tubes on 7-in. centers, having an exposed length 
of 27{t 6in. In the front wall there are 26 plain 4-in. tubes on 
10!/.-in. centers with an exposed length of 27 ft. There are 26 
ash-sereen 4-in. tubes on 10!/2-in. centers. Ash-pit floors and 
walls are air-cooled by suction air of the primary air fans. 

The boilers are fired with twelve 1%/s-in. X 20-in. Lopulco 
burners spaced on 16!/2-in. centers. The center line of the 
burners is 3 ft 6 in. from the back wall, and the end burners are 
4 ft from the side walls. Feeders, furnished by the Combustion 
dngineering Company are of the screw type with one feeder per 


burner. Feeders in two groups of six are motor driven through a 
variable-speed transmission. Speed is controlled from the firing 
floor. 


The two steam-generating units installed in 1931 were designed 
to produce 325,000 lb of steam per hr at a pressure of 450 lb per 
sq in. gage and a temperature of 750 F. A cross section of these 
units is shown in Fig. 4. The boilers were supplied by Babcock 
and Wilcox and are of single-pass design with interdeck super- 
heaters. They are 44 tubes wide and 43 tubes high with 4-in. 
tubes. The tubes in the lower row are 20 ft long and those in the 
upper row are 12 ft long. There are spaces for 9 rows of tubes 
below the superheater of which the first, fourth, sixth, eighth, 
and one half the ninth rows are in place, the others being omitted. 
Alternate tubes in the first row are offset downward 12 in. The 
superheaters are of the single-pass type with an area of 6418 sq ft. 
The furnaces and settings were supplied by Combustion Engi- 
neering Company. The furnaces are of approximately the 
same interior dimensions as those for the four units installed in 
1926. The principal dimensions of these units are given in 


Units installed in 


TABLE3 BOILER AND FURNACE DATA OF THE UNITS AT TRINIDAD 
(1926) 
Ft I 

Dimensions of settings: 

Height of center of drum above basement floor............. 73 5 

Height of burner arch above ash-screen tubes.............. 23 10 

Height of lower boiler tubes above ash-screen tubes......... 34 0 

Height of center of drum above center of lower row of boiler 

RAO rt eareies Sy ateehee Pe A cee PS Ee oa RELATE ROK: See 24 7 

DWepthvoL tarnaces wnelde.: Hess eto oe. eke ace ares 24 1 

Width of furnace, inside transverse to boiler tubes.......... 23 6 
Volume of furnace below boiler tubes and above ash-screen 

ERE ON A CUGEL Nee ch std ping, Washo alia, ANE A EARS tie Be Bae 18000 
Heat liberation at maximum rating, Btu per hr per cu ft...... 14600 
Heating surface, sq ft: 

SOME Se ake Saeed. eR. Ne Reidy cay, PSs ER nso, oot 18756 

Dia AICO WHUSE Ente te oe ack cet eee csc MOR EN we a has 960 

OP GUE WAMS\.. Bact arn etter anys bee Mia rials a sa a atl eee 845 

Back walls (including burner arch)...................0-00- 

BOOE BOLO Ls Or Cee Si cpomt AEN, 5 ORI Motte ASS ee eB 715 

Lota) Bonbing: Ruri aces. Oa ere eos ok leks She a nee 21276 


Maximum evaporation, lb per hr per sq ft of heating surface. .. 8.5 


n. 
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Table 3. The burner arch and the four walls of the furnace 
have 4-in. fin tubes on 7-in. centers covering their entire surface. 
Hearth-screen tubes are offset to give two rows on 14-in. centers 
vertically and 14-in. centers in each row horizontally. The 
floors of the ash pit are air-cooled in the same manner as on the 
older units but only part of the primary air is passed through the 
furnace bottom. 
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Fig. 4 Cross SECTION OF STEAM-GENERATING Unit INSTALLED IN 1931 


The units are fired with fourteen 1 X& 183/,-in. 


(1931) Lopuleo forced-draft burners spaced on 171/;-in. 
Ft In. centers with outside burners located 3 ft 6 in. from 
S. : the center of tubes in the side wall and 3 ft from 
35 6 the back wall. There are seven (one for each two 
39 4 burners) Lopulco type-R, 5!/.-in. feeders. Each 
ae 0 feeder is driven independently through a variable- 
> speed transmission. On the firing-floor control 

pone board there is a switch for adjustment of speed 

rer of each feeder individually and a master switch 
1895 for control of all feeders simultaneously. 
iS To supply primary air to the burners for each of 
alee the four smaller boilers there isa Sturtevant design 
8.8 No. 1, size No. 3 fan operating at 1750 rpm. These 
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are rated at 10,000 cfm at 18 in. of water pressure and 200 F. The 
fan suctions are through the passages of the air-cooled ash pits of 
the steam generators. The primary air ducts are interconnected 
but are operated normally as separate units. In case of fan fail- 
ure, the fan on an idle boiler can be operated or two fans can 
be used for operating three boilers or three fans for operating 
four boilers at reduced rating. To supply primary and tertiary 
air for each of the larger boilers there is an American Blower 
Corporation fan No. 50 MD-SWD 1 with a 54-in. wheel operating 
at 1150 rpm. These fans are rated at 43,000 cfm at a water 
pressure of 14-in. and at 120 F. 

Natural’ draft is supplied by three reinforced-concrete chim- 
neys, one for each two boilers. Two of these have an inside 
diameter at the top of 12 ft and a height of 300 ft. The other 
chimney is 14 ft in diameter at the top and 287 ft high. Their 
bases are at roof elevation and they are each carried by four of 
the boiler-building columns. Their tops are 398 ft above the 
basement floor. 

It will be noted from this description that the steam-generating 
units are very simple, avoiding the complication involved in the 
installation of air preheaters, economizers, and induced-draft 
fans. This simplicity has contributed very materially to reliabil- 
ity and low operating cost. 

Ash disposal is by drag conveyors to ash cars, then to a dump 
on the station property. 

All equipment is driven by full-voltage-starting induction 
motors. Motors above 50 hp operate at 2200 v and motors 50 
hp and under operate at 220 v. Push-button starting switches 
and thermal relays are placed near each motor. The circuit 
breakers for the 2200-v motors are in the auxiliary-power rooms 
where the busses for all auxiliary power control are situated. 


OprERATING EXPERIENCE 


General. The first four steam-generating units were started 
in June, 1926, and within a few days the station was in regular 
service carrying loads up to the designed maximum. Since that 
time, reliability has been above the average and there have been 
very few times when curtailment of load was necessary. No 
major alterations or replacements of equipment have been neces- 
sary and overall performance has been close to that predicted by 
the designers. The 1931 extension of the station has been equally 
successful. Considering that lignite of this type had never been 
burned in pulverized form on a large scale before, great credit is 
due the station designers and manufacturers’ engineers for their 
excellent design. Credit is due these engineers and the station 
operators for the close cooperation during the starting period in 
developing operating methods and overcoming difficulties as they 
arose. 

Storage. When the station was designed it was not known 
what steps might finally be necessary for the successful storage of 
lignite or how much difficulty might be encountered with fires. 
Therefore, the previously described arrangements were made to 
insure reliable and continuous supply from the mines. Storage 
capacity was made small and equipment simple and inexpensive. 
To enable the mining company to dispose of lignite mined during 
the development stage, lignite was stored several months before 
the station was ready to operate. This lignite, crushed to 11/2-in. 
size, was dragged into storage without any care to keep piles 
level or to avoid separation of coarser portions. In a very short 
time much of the lignite began to heat and many fires were en- 
countered. Earth dikes were built around three sides of the 
storage area, the lignite in place was leveled and rolled, and all 
lignite placed in storage thereafter was leveled and rolled in 
layers 2 ft thick. This rolling was done with a small tractor and a 
roller 25 in. in diameter and 58 in. long filled with concrete. 

After lignite was stored to a depth of 8 ft, pipes were driven 
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into the pile and thermometers placed at three depths. The first 
lignite placed, which was not rolled in 2-ft layers, heated to tem- 
peratures of 110 F to 188 F at a depth of 1 ft, reaching the peak 
within one to two months after rolling was completed. The 
temperature at a depth of 3 ft reached a peak of 125 F to 180 F 
about a month later. The temperature at a depth of 6 ft reached 
a peak of 145 F at about the same time. The maximum tem- 
peratures in the areas that were laid down in 2-ft layers increased 
slowly and were not as high. Very little trouble with fires was 
encountered in the lignite deposited and rolled in 2-ft layers. 
Along the northwest exposure, on the side not protected by a 
dike, fires occurred quite frequently during or shortly after strong 
winds from the north, indicating that air circulation in the pile 
aggravated the tendency to burn. After temperatures have 
passed their peak and started to recede no fires are encountered. 

There has been so little lignite used from storage that it has 
not been possible to determine accurately the loss in total heating 
value in storage. When approximately 6000 tons were re- 
claimed in 1932, an effort was made to determine losses by 
comparing analyses. About 80 per cent of this lignite had been 
in storage since 1930 and the remainder since 1926. Because of 
the uncertainty regarding the comparability of samples, the cal- 
culations are of doubtful value, but they indicated a loss of 
approximately 11 per cent in volatiles and 12 to 13 per cent 
in heating value. These calculations were based on the assump- 
tion that the total weight of ash was unchanged, and therefore, 
should be considered as very rough approximations. 

The lignite in storage, except that at the surface which is com- 
minuted, shows little change in appearance and no difficulties 
have been encountered in handling and preparing it although the 
higher moisture content causes extra work to keep hoppers and 
spouts in the conveying system clear. The storage equipment 
has a capacity to reclaim 58 tons per hr. 

Fuel Handling. The operation of the unloading, crushing, and 
conveying equipment has been very satisfactory with no unusual 
difficulties. At Trinidad it is seldom cold enough for freezing 
to cause unloading difficulties and no difficulty is encountered 
unless freezing weather immediately follows very wet weather. 
The lignite, even in rainy weather, does not clog chutes nor stick 
to belts appreciably except on infrequent occasions when some 
of the clay from the roof or floor of the mine is mixed with it. 
An average screen analysis of crushed lignite is given in Table 4. 


TABLE 4 AVERAGE SCREEN ANALYSIS OF CRUSHED LIGNITE 
Passing through: Per cent 
S Orme aia iarc) csp a ahaa sa cree Ooi ee 6.7 
Sumes#hls fF is ik eo an Ne ceener, abate 9.3 
Anes. sta. wisn aide wh psec eine: eet teats 17.1 
Lifer an VINOBH «00 ss fare ee orate. eieteie enteral eee eee 36.2 
8/6 AND HOERD so ch. isoesfaoja ss eae eae IS ad Ghee 45.9 
Pifetine MeOshi«. soa" .cos Sete whe Bre oe eC eee 72.0 
Retained(onil2/s mesh jee... dente es ks sr 28.0 


Drying. The driers and mills combined dry the lignite to 
moisture contents of 25 to 28 per cent. Most of the moisture 
removal is in the driers but there is some loss in the mill circuit. 
The moisture removal and final moisture content increase with 
an increase of moisture in the lignite as received. The driers 
consume 190 to 250 lb of steam at 9 lb per sq in. gage pressure 
per ton of lignite. The lignite as received varies from 30 to 33 
per cent moisture, depending on the section of mines from which 
it is obtained and the weather conditions during the few days that 
it stands in cars before use. 

There would be some improvement in station economy if more 
moisture were removed in the driers instead of being evaporated 
in the furnaces, but due to the necessity of heating and moving a 
large amount of air to get effective drying in the driers, the 
improvement would not be great and would not justify the 
investment in equipment needed to get better drying. 
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The first units were specified to take lignite that had been 
crushed to pass a #/,-in. screen and dry it from 31 per cent to 15 
per cent moisture, as this was thought to be necessary in order 
to get desired pulverizing-mill capacity, and to avoid caking and 
clogging in conveyors, bins, and burners. When the station was 
started it was found that from 2 to 3 per cent of moisture was 
removed in the driers and 3.5 to 6 per cent was removed in the 
mill circuit, thus drying the lignite from a moisture content of 
between 33 and 35 per cent to a moisture content of between 26 
and 27 per cent. With lignite dried to 28 per cent moisture or 
below, mill capacity is satisfactory and no difficulty is encountered 
with clogging or caking of the pulverized lignite in the conveyors, 
bins, feeders, or burners. A great many experiments and minor 
changes were made in an effort to improve this drying. Lignite 
was being crushed to pass 3/,-in. or a little larger mesh. It was 
found that better drying was obtained with lignite crushed to pass 
1!/:-in. mesh because of the larger amount of air which passed 
through the coarser lignite. Minor changes were made in 
driers in an effort to increase drying capacity but with very 
little benefit: EEven when fuel feed through the driers was 
stopped for several hours with steam supplied to grids, and fans 
operated, very little increase in drying was obtained. It soon 
became evident that it would be very difficult and expensive to 
remove any considerable portion of the hygroscopic moisture. 

While these experiments were in progress considerable dif- 
ficulty was encountered with the lignite caking in screw con- 
veyors, bins, and feeders. This was at first attributed to in- 
sufficient drying. As originally installed, the drier cyclones dis- 
charged directly into the screw conveyors. It was soon found 
that there was a positive pressure at the base of the drier cyclones 
with the result that the air in the cyclones at a wet-bulb tem- 
perature of 105 F was passing through the screw conveyors to the 
pulverized-lignite bins, resulting in condensation that caused the 
caking and clogging. The drier cyclones were altered to reduce 
the pressure at their base, and discharge openings were restricted. 
Later, drier-cyclone discharges were reconnected to discharge into 
the mill air system, which further improved their performance 
and eliminated any tendency for this humid air to pass to con- 
veyors. There is a suction at the base of the mill cyclones so 
that air from the mill circuit does not pass into the conveyors. 

On a few occasions fires have been found in the driers, which in 
nearly every case were caused by sticks or other foreign objects 
obstructing the flow of lignite. These fires were extinguished 
with a water lance made of !/;-in. pipe. None of these fires 
caused any explosions or other damage except that a few cracked 
grids have been attributed to stresses resulting from the improper 
use of the lance. 

Pulverizing Mills. The four smaller pulverizing mills each 
have an average capacity of 15 tons per hr of lignite as received 
and the two larger mills have capacities of 25 tons per hr. The 
capacity as milled is approximately 7 per cent less due to reduc- 
tion of weight by moisture removal in milJs and driers. Average 
screen analyses of the pulverized lignite are given in Table 5. 

The cost of lignite preparation including switching, crushing, 
conveying, drying, pulverizing, and ash disposal, but excluding 
cost of drying steam for the last three years is given in Table 6. 

Mill operation has been very satisfactory and the life of mill 
parts is above that for similar mills reported by stations burning 
bituminous coal, The bull rings have a life of 22,000 hr in the 
15-ton mills and 16,000 hr in the 25-ton mills. Rolls have a life of 
approximately twice that of the bull rings. The plows, gears, 
and bearings have along life. Tests on the 25-ton mills show that 
just before bull rings are renewed as worn out, the output, as 
compared with new rings, has decreased 31/2 per cent and power 
consumption per ton has increased 21 per cent. 

The 15-ton mills were supplied originally with grease-lubricated 
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TABLE 5 AVERAGE SCREEN ANALYSIS OF PULVERIZED 


LIGNITE 
15-ton 25-ton 
mill mill 
Per cent passing Sage 
200 Mesh. . PFS. ae ee as 75 70 
RN MRcd oe Sew ee ee 88 87 
DUR ect sree Sack eae oan ers 93 91 
BG Wes seasesee: oases . SES s sess Se 95 97 
40 Mesh.. 99 99 
Mimi pate) AF Ce oO ESE. St 100 100 
Average moisture, ‘per (at Oe ee Eee 26.45 26.21 
TABLE6 COST OF PREPARING LIGNITE 
Lich. 3s ee eae 1933 1934 1935 
Lignite consumed, tons.... 537,221 477,798 499,706 
Cost per ton of lignite consumed, cents 
Fuel unloading cost....... 1.050 1.210 1.181 
Fuel-preparation cost for: 
Operating labor....... 5.384 7.052 6.953 
Operating supplies... - 0.236 0.256 0.232 
Maintenance......... 2.743 4.628 3.658 
Energy at plant-pro- 
duction cost....... 4.020 4.640 4.160 
Total fuel-preparation cost 12.383 —— 16.576 —— 15.003 
Total fuel- ee and 
preparation cost. , 13.433 17.786 16.184 


bearings. These were changed, after a few months operation, 
to use oil by installing a mechanical lubricator, driven from a 
feeder drive on each mill. This lubricator discharges to a dis- 
tributor mounted on the central shaft from which flexible copper 
tubes connect to each roll journal. The grease space in the 
journal is packed with wool waste. This change greatly reduced 
the trouble from stuck roll journals, reduced lubrication costs, 
and reduced the mill outage for lubrication. In these journals, 
the lubricant is admitted to the outside of ring-type thrust bear- 
ings at the top of the journal so that lubrication of the journals 
was by the lubricant that passed radially inward through the 
thrust bearings. As there were some cases of roll sticking which 
were apparently due to insufficient journal lubrication, holes have 
been drilled through the shafts to admit oil to the journals at the 
inside of the thrust bearings. The 25-ton mills have oil-lubri- 
eated journals which are superior to the type on the first mills. 

There have been no explosions in any part of the fuel-prepara- 
tion system and very few fires, none of which caused any damage 
to equipment. The most serious fire, one which occurred in the 
system of one of the 15-ton mills, apparently was started by an 
overheated roll journal. The operator discovered the hot journal 
and when the general foreman arrived there was fire at several 
points in the mill air system. Carbon dioxide from portable ex- 
tinguishers and fire hose were used to extinguish these fires. 
This fire would have been insignificant if it had not been for the 
concern about the explosion hazard, the uncertainty regarding the 
extent of the fires and the time that they had been in progress, 
and the possibility that fire might have been communicated to the 
screw conveyors and bins. 

A few small fires have been found in mills and in pulverized- 
fuel bins. The bin fires have in every case been in a bin on an 
idle boiler and have been eliminated by emptying bins if a boiler 
is to be idle for more than four days. Ordinarily, bins are 
emptied as nearly as possible before the boiler is shut down, after 
which a temporary pipe is installed from one feeder to the boiler 
across the aisle. 

Burner Feeders. The feeders on the first units were supplied 
with cast-iron screws. These wore out very quickly and were 
replaced with cast-iron screws with the edge of the helix coated 
with stellite, which have a life of two to three years before they 
have to be re-stellited in the station shop. These feeders and the 
variable-speed transmissions have been very satisfactory and 
maintenance cost has been low. 

The feeders for the two large steam-generating units have given 
satisfactory results but operators are of the opinion that the 
screw-type feeders are to be preferred. The individual drive 
with master speed control has not been entirely satisfactory be- 
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cause operation of the master control switch does not change the 
speed of all feeders equally, therefore making it necessary to 
equalize speeds frequently. Some difficulty was encountered 
with lignite passing through the sleeve bearing into the casing 
of the worm gear which drives the feeder. This resulted in rapid 
wear of the worm and gear. It was overcome by turning a 
groove near the top of the bushing between the gear case and 
feeder compartment and admitting primary air to form an air 
seal. 
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fia. 5 OprraTING CHARACTERISTICS OF STEAM-GENERATING UNITS 
INSTALLED IN 1926 


Steam Generators. No difficulty has been encountered with ig- 
nition or in maintaining fires in either type of steam generator. 
In both, fires are ignited with torches made of asbestos wicking 
impregnated with kerosene. After fires are started each burner 
is ignited from an adjacent burner. In the large units, a kerosene 
burner is kept in service during the firing-up period. 

Operating results now being obtained are indicated by the 
curves in Figs. 5 and 6. Since the equipment is not arranged to 
permit weighed-fuel tests, the efficiencies given in the curves are 
calculated from heat-balance data based on 26 per cent moisture 
in the lignite as fired and 24 per cent excess air, which are repre- 
sentative of average operating conditions. 

The overall boiler efficiency for the station, calculated from 
weight and heating value of lignite as received and heat added to 
feedwater in the steam-generating units, was 77.2, 76.2, and 76.2 
in 1933, 1934, and 1935, respectively. These efficiencies may 
seem low for modern steam-generating units, but it should be 
remembered that the steam generators are the simplest type of 
natural-draft units. The savings in fixed charges, operating 
cost and maintenance expense more than compensate for any 
saving in fuel cost which might be effected by air preheaters or 
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TABLE 7 AVERAGE FURNACE TEMPERATURES RECORDED 
BY AN OPTICAL PYROMETER 


Small Large 
steam- steam- 
gen. gen. 
units units 
Reting sib per BL. onecc wipe aces ciple ecie bolare ate Rieter 175,000 322,000 
Temperatures: 
Back, (burner side) above ash screen, F...........- 2316 2215 
Front, two thirds of distance from ash screen to 
TaIrHOrs Ee eycet sols he. eae » SO ne thee See 2260 ste 
Front, one half distance from ash screen to burners, F = 2183 
Center of furnace, Wict. Zcde av pine mimrtole surelacere turer seve 2242 
Belo wabotlertubess Mite science otbere a oheraets ot onitne sptiata tae 2033 2015 
Below superbeater, Fcc. cakitnce sic eis oe sale eae 1415 1548 
Ashi ty ols .fctah aa e- dete sate syste ie. «ee lele be ck ehotataear ove 1912 ties 
Uptake by recording thermometer, F.............- 589 593 
economizers. In addition, the greater availability and reliability 


of the simpler units permits giving of continuous service without 
operating much reserve capacity. Average furnace tempera- 
tures recorded by an optical pyrometer are given in Table 7. 
There has been no slagging or clinkering of ash or any erosion 
of brickwork in either type of furnace. In the small units, the 
ash is deposited on the air-cooled section of the furnace wall to a 
thickness of 1 to 2 in. as a light fluffy blanket which crumbles to 
dust when touched. There is very little deposit found on the 
waterwalls and in no case has there been enough to require re- 
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Fic. 6 OprrATING CHARACTERISTICS OF STEAM-GENERATING UNITS 
INSTALLED IN 1931 


moval. In the boiler and superheater, the fly ash is deposited 
as a very fine sand which is removed easily by hand lancing with 
compressed air. At times the ash which piles up on the ash 
sereen tubes softens enough to stick together but nearly all pit 
ash is free flowing sand. 

Repair of brickwork has been a small item. In two of the 
small steam-generating units the air-cooled walls were rebuilt 
last year after nine years of service and the other two will be re- 
built this year. This rebuilding was necessary because of the 
breaking of the tile which bonded across the air passages. In 
these units it is necessary each year to rebuild a small section of 
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wall below the fin tubes because ash gets between the tubes and 
the brick, and crowds the wall out. Aside from this, the repairs 
to brickwork have been negligible. 

Steam temperature at maximum output in both types of units 
was below that guaranteed. The manufacturers corrected this 
by changes to superheaters and removal of some of the boiler 
tubes below the superheater. However, the slope of the super- 
heat-output line is still steeper than originally specified. 


TABLE8 THE ENERGY Sis IN LIGNITE PREPARATION 
1935 


Lignite consumed, as received, tons..............0 0.00005 499,706 
Energy consumed, 
kwhr per ton 
Raw fuel handling, including switching, unloading, crushing, 


BUG COMV EVADE A oiee. s ecane ak wicasee ean ofa sciss dns onayee ke eyeeenerece ss 0.84 
Fuel pulverizing: 

WDPIOr PANGS ey oe ted ee ies hese emis Ee ci lebeyeaer Sass 1.19 

Bulvertarucaiiliseret cementite iver ccyer cece cater ster ernie sei 7.40 

Diillexhiaust fans codecs cose teste sy ee ee aS 5.34 

Miscellaneous, including screw conveyors, air-washer 

Pumps wourner, feodersvOtGny sade acc seas eerie « .79 

Motaleruelepuliverizin geno. pate soles ete hanereueens hea cists — 15.72 
Lignite-burning equipment: 

Biimany=airsiansiert se cute he egy ete cha eye ts cea ease 4.60 

Miscellaneous, including ash disposal, etc.............. 0.05 
otal lignite-burning equipmenti. one... ee ee ress — 4.65 
Total fuel handling, preparation, and burning............. 2121 


The firing controls are all manual except that the large units 
have automatic furnace-draft control. AJl controls are on or 
adjacent to each boiler-gage board on which are a drum pressure 
gage, a steam-flow air-flow meter with flue-gas- and steam-tem- 
perature recorders, draft gages, and feeder speed controls and 
indicators. The six boilers are operated by two firemen on the 
firing floor and two water tenders on the feeder floor. For the 
base load of this station, the manual control has been very satis- 
factory and the four men can satisfactorily operate boilers under 
all ordinary and emergency conditions. The operators make 
hourly Orsat gas analyses at four points across the uptake gas 
passage of each large boiler to check for equal distribution of ex- 
cess air. 

Complete inspection of each steam-generating unit is made 
semiannually and boilers operate as needed between inspections. 
Even though station operating schedule does not require that 
inspections be rushed, the average availability of steam-generat- 
ing units is better than 90 percent. The reliability of the steam- 
generating units is excellent, with no cases on record of curtail- 
ment of station load because of failure of a steam generator. 

The energy consumed in lignite preparation for 1935 is given in 
Table 8. 


FUEL-SAMPLING AND ANALYSIS METHODS 


The lignite is sampled daily after being crushed and again 
after being pulverized. The crushed-lignite sample is used for 
proximate analysis and the pulverized sample for the deter- 
mination of moisture and sizing only. A weekly grab-sample 
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of crushed lignite is taken from each crusher for size determination. 

The automatic sampling machine has a collecting device which 
obtains a small sample of the lignite from a cross section of the 
stream delivered by a belt conveyor. The sample is then further 
divided and crushed by the sampler and deposited in a bucket of 
approximately 25 lb capacity. The sampler, made as nearly air 
tight as possible to guard against change in moisture, can be 
adjusted to permit the collection of an approximately full re- 
ceptacle for each day’s run. The sample is collected daily, 
riffed down to 1 qt and put into an airtight container for de- 
livery to the laboratory. 

The sample of pulverized lignite is a single daily grab-sample 
collected from the fuel-stream at the base of a mill cyclone collec- 
tor. The sample is collected in an airtight container of 1 qt 
capacity for transportation to the laboratory. -The fuel from a 
different mill cyclone is sampled each day. 

Combustible matter in the ashpit refuse is determined from a 5- 
gal sample collected from each furnace ashpit. This is taken 
dry when the ash is being cleaned out of the pit and the samples 
are transported to the laboratory in open containers. When 
cooled, the top layer of ash is discarded before the determination 
of combustible matter is made. 

The laboratory methods employed for proximate analyses of 
lignite samples are those stipulated in the A.S.M.E. Power Test 
Code. Total moisture and ash are determined daily on the 
crushed-lignite sample. From each daily air-dried sample, an 
equal amount is set aside in an airtight container. At the end 
of the week these samples are combined and riffled down into a 
single small composite sample. Upon these composite samples, 
proximate analyses and calorific determinations are made. 

Due to the finely divided nature of the pulverized lignite, 
total moisture is determined by placing a 1-g sample in the oven 
at 105 C for 1 hr. Sizing is determined after air-drying the 
sample by screening through a set of sieves placed in a mechani- 
cal agitator. The sieves for routine analyses include 20, 40, 80, 
and 200 mesh sizes. 

With fuel containing a percentage of moisture as large as lignite, 
the loss of a relatively small part of the total moisture will 
materially affect the results of analyses, particularly the heating 
value per pound as received, which is the important figure for 
determining efficiencies. There is a possibility of change of 
moisture in the main stream of lignite between the time it is 
weighed just before cars are dumped, in the sampling process, 
and in handling and transporting samples between sampler and 
laboratory. To check the accuracy of results obtained by our 
procedure, a number of different methods and variations in the 
established method have been tried in both warm-dry and cold- 
wet weather. The methods now followed have been found to 
give as accurate results as some which included quite elaborate 
precautions and we are confident that they give as accurate re- 
sults as can reasonably be expected. 
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Power-Distribution Costs 


By MORRIS LLEWELLYN COOKE,! WASHINGTON, D. C. 


The author states that generation costs in the power and 
light industry are well known, but that in the region of 
distribution systematic cost finding is especially inade- 
quate, and he asserts that adequate methods of cost 
finding are imperative to enable managements to effect 
savings, to meet successfully new conditions created by 
rate reductions, and to provide regulatory bodies with 
data essential for proper regulation. 

In a general manner the author discusses purposes and 
types of cost finding, power distribution as compared to 
manufacturing costs, and overhead, joint, differential, and 
deferred costs. He then attempts to show that ina public- 
service industry costs have a direct bearing on prices. 

A brief review of historical developments in the study of 
costs of electrical distribution, with reference to papers 
and reports by Reed, Pike, and the Power Authority of the 
State of New York, concludes the paper. 


that within 100 years education would become the passion 

of the race. One is tempted to make some such sweeping 
generalization about electricity. As individuals and engineers we 
thrill both to the elusive quality of electric energy and to the 
romance of its development. And to the mass of mankind 
struggling through the ages under drudgery’s heavy heel what an 
outlook is presented for release through electricity’s magic! It is 
easy to believe that the effort toward the realization of this 
promise may also become a passionate pilgrimage. 

Some such line of thought provides the basis for our desire to 
determine in engineering fashion all electrical costs and particu- 
larly power-distribution costs since they constitute the bulk of 
electrical service costs for the small consumer. 

Basically, the industry which produces and distributes elec- 
tricity for power and light has been a privileged industry. Be- 
cause it is ‘‘vested with a public interest” it occupies an area 
between public and private and is subject to regulation by 
public authority. Generally, each operating unit in a com- 
munity has been given a complete monopoly in vending a service 
essential to man. Of course, it has had to face the competition 
of private generation of power by industrial plants, but that is a 
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much less serious order of competition. All things considered, 
the industry has not been subject to those competitive pressures 
which have forced many fabricating industries to develop a 
high order of cost finding. The legal sanction to charge such a 
price as will give a fair net return on fair investment has made it 
unnecessary to consider precise cost finding an urgent matter 
and the industry has followed the line of least resistance. In- 
vestment, total costs, and net return can be obtained from general 
accounts; but these general accounts do not disclose whether 
certain investments are prudent and certain costs are economically 
incurred; and do not show whether the prices charged different 
classes of consumers, or the same class in different localities, are 
equitable. Furthermore, the legal sanction to charge a price that 
will give a fair rate of return on fair investment is an incentive 
for the ethically weaker managements to make the investment 
and the costs appear as large as possible. General accounts 
facilitate this procedure more than precise cost accounts. It 
is probable that many companies accumulate basic data con- 
cerning expenditures but do not record, classify, nor summate 
them for ready reference; and that a few companies in the in- 
dustry are on the way to developing methods of cost finding 
comparable to those found in competitive industry. However, 
perhaps chiefly in fear of more effective regulation, the methods 
and the resultant data of these companies have not been made 
known to the public. Really good cost finding cannot be de- 
veloped in secrecy. Generally, the outstanding efforts of the 
leaders of the industry have been devoted to corporate organiza- 
tion, financial promotion and management, and engineering 
achievements which include noteworthy continuity of service. 
Expert operating management, to which cost finding is indis- 
pensable, has been rare. 

For certain of the industry’s processes its cost-finding methods 
appear to be adequate. The costs of different types of generation 
are rather well known. Generation of electricity is a highly 
mechanized process in which investment costs dominate and the 
labor costs are relatively small. The product is accurately 
measured and is relatively simple—kilowatthours at the bus 
bar—and adequate cost accounting is almost a by-product of 
other essential records. For transmission, including subtrans- 
mission and distribution substations, the cost finding is nearly 
as adequate for essentially the same reasons, although the labor 
costs are relatively greater, and the labor and maintenance fac- 
tors of this out-of-door sector are more variable. As to both 
production and transmission, cost findings have usually neglected 
separation of increments ascribable to various classes of custo- 
mers. 

It is in the distribution area, i.e., from the point where con- 
ductors leave the local distribution substation (or a local power 
source such as a steam, hydro, or Diesel plant) to and including 
customers’ meters, that systematic cost finding is especially 
inadequate. By choosing this point of demarcation between 
transmission and distribution one avoids all the complications 
which inhere in any discussion of the current itself. Any desired 
assumptions about energy costs can be made and readily checked. 
The area of subtransmission is obviously excluded from the area 
of distribution. The process of distribution is complex, and for 
cost finding to be effective in this field its technique must be 
carefully applied. Complications in arriving at costs result 
from the many varying conditions under which energy is dis- 
tributed—variations in customer density and customer consump- 
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tion, variations in physical conditions, and variations in invest- 
ment, maintenance, and service. 

Because of the lack of adequate and properly classified ac- 
counting data that are publicly recorded, stockholders, regulatory 
agencies, and consumers who are interested in this matter of costs 
are compelled to attempt highly unsatisfactory methods of cost 
calculations. In the absence of adequate original unit break- 
downs, the interested parties are usually forced to the unsatis- 
factory device of attempting arbitrary allocations of unanalyzable 
general costs. The products of these calculations, unless made 
with meticulous care, are of questionable value either for de- 
termining the costs of a particular distribution area or as a basis 
for comparison of the costs of different areas or companies. 

It is a matter of common experience that when, by some com- 
mission or court order, a company is instructed to furnish cost 
data for some specific purpose, there is complaint that its pro- 
vision will require a considerable time and subject the company 
to much expense because of the diversion of accounts and clerks 
from routine duties. This in itself is indicative that the cost 
finding in the industry generally is inadequate even for its own 
managerial and rate-making purposes, and one may safely infer 
that costs are not ascertained any more frequently than compul- 
sion requires. 

Because approximately half of the nearly two billion dollars 
per year paid by consumers is to meet the cost of distributing 
electricity, it is important that efforts be made to develop an 
adequate system of cost finding for it. To enable managements 
to effect savings, to meet successfully new conditions created by 
rate reductions, and to provide regulatory bodies with data 
essential for proper regulation, adequate methods of cost finding 
are imperative. Their cost will be amply repaid. The public 
nature of the industry should lead it to make these comprehen- 
sive, precise cost data a matter of public record. 


PurRpPOSES AND TyprEs or Cost FINDING 


There are usually two major purposes in the use of cost finding. 
First it serves as a tool for improvement of management and 
maintenance of most effective management; and second, it 
serves as one guide to pricing policies. 

As a tool for establishment and maintenance of most effective 
management, costs must be current and related to unit operations 
if they are to serve as a proper basis for securing reduced operat- 
ing costs. They must be in terms of unit processes, functions, 
products, and areas of executive responsibility in order to be 
used effectively. Undifferentiated costs are of little help to 
management; they may indicate that something is wrong but 
they do not serve to identify it. Generally, cost accounting in the 
industry today is unrelated to engineering management because 
determinations are not made in proper categories, and are not 
made promptly enough. 

Relative to pricing policies, generally the costs of an enterprise 
in a competitive industry do not determine its selling prices. 
These are determined by the play of forces in the competitive 
market. A particular company’s costs tell the company only 
whether it can meet the market’s price, and confront it with the 
problem of what action to take if it cannot meet that price. 

Because public utilities have been given a monopoly and are 
thereby freed from the price-determining forces of competition, 
the consuming public is insisting that publie regulation act as a 
curb on prices. Regulatory bodies in turn are seeking a close 
relation between costs and prices, and are less tolerant with in- 
efficient managements whose costs are out of control. These 
tendencies have been strengthened as a result of comparative 
rate studies recently published by the federal government. 

There are several types of costs, each of which is the best 
obtainable under particular conditions, and all of which for 
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managerial purposes are likely to be sought in such a complicated 
enterprise as the distribution of electricity. These are operation 
costs—the cost of performing a particular recurrent operation, 
such as in the automobile industry of machining a particular 
type of bearing; job costs—the cost of doing a particular job 
consisting of a combination of operations, such as the completion 
of a particular model of cylinder block; and process costs—the 
lot cost of conducting a particular continuous process, such as 
making screws in a quasiautomatic machine. Any of these may 
be identified as actual costs—the recorded cost of each separate 
operation or job or process lot reflecting its circumstantial 
conditions. Also, any of these may be identified as standard 
costs—not average costs, but costs of operations, Jobs, or process 
lots under conditions specified as standard because proved to be 
most effective and economical. Because costs derived under 
controlled conditions tend to remain fairly constant, the system of 
standard costs is coming into vogue as more economical than 
ascertaining the actual cost of each separate operation increment, 
job, or process lot. 

Broadly speaking, there are two methods of cost finding: 
First, by continuous routine, through which representative and 
comparable cost data are taken off the books at regular intervals; 
and, second, by special studies, through which certain items of 
cost for certain periods of time under prescribed conditions are 
determined. he first of these is the more dependable and ac- 
ceptable method; under it each unit item of expense is analyzed 
and completely allocated for cost-finding purposes at the time 
it is made, when the situation generating the cost is fresh in mind 
and it is isolated. The allocations of the unit cost are at the time 
balanced and verified, and proof had that no fraction is unac- 
counted for. Special studies, on the other hand, are always 
suspect because of the difficult and necessarily arbitrary procedure 
of analyzing, separating, and allocating pertinent expense data 
of some past period which have become intermingled with other 
expense data. 

The relations between cost accounting and the operating organi- 
zation are critical. In order to procure original expense records 
through which proper allocations can be made to operations, 
jobs, processes, products, properties, localities, and administra- 
tive responsibilities, the organization for operations must be 
functionally sound, and the instructions for operations, jobs, 
and processes must be clear and complete to furnish the basis 
for accurate allocations. In bringing about this sound organi- 
zation required for cost accounting the level of management will 
be raised. 

Finally, attention should be called to the fact that in the fore- 
going discussion the reference has been primarily to paid-out 
expenditures and costs, such as the cost of property, materials, 
and labor. There are also intangible costs to be accounted for— 
particularly depreciation and obsolescence. These have to be 
treated with judgment in any case, but we can anticipate sounder 
judgment when precise data concerning paid-out expenses and 
precise allocations of original expense units are made. Also, 
there are certain paid-out costs, such as general administrative 
expenses, which, although each item of expense can be allocated 
in terms of administrative functions at the time it is incurred, 
must as a group be distributed to the costs of properties, prod- 
ucts, and services. Here again judgment must be employed, 
and improved judgment may be expected if all unit expenditures 
have been precisely recorded and allocated at the time they are 
incurred. 


Power-Disrrisution Costs 


As has been indicated, cost finding in the fields of generation 
and transmission is believed to be reasonably adequate, but in 
the field of distribution it is far from adequate. 


MANAGEMENT 


Looked at as a whole, the process of distribution not only appears 
to be, but 7s complicated. It involves extensive areas diversified 
as to topography and other physical characteristics; differing 
densities of population; underground and overhead line con- 
struction; and dissimilar uses of current, such as industrial, 
commercial, transportation, street lighting, and domestic. The 
operating functions are numerous—construction, maintenance, 
inspection, testing, servicing the customers, meter reading, billing 
and collecting, promotion, and other items. Looked at as a 


-) whole, it ds complicated, and its complexity offers a challenge 


that cost finding can meet. Almost any large fabricating in- 
dustry is complicated, as is the building of an Empire State 
Building or a Boulder Dam. So also is the construction of a 
disappearing gun carriage with its 5000 odd parts; and—a 
recorded case—the manufacture of caterpillar tractors involy- 
ing over a period of nearly two years some 2,000,000 separate 
component operations, each of which was scheduled six months 
in advance and executed with unvarying precision. And it has 
been tasks like these where cost finding has helped to slash 
costs! 

In the field of energy distribution we must learn, as we have 
in manufacturing and construction, to divide a complicated 
whole into logical component parts and apply cost finding to 
help solve its problems. Already the industry recognizes a 
distinction between generation, transmission, and distribution. 
In this paper we distinguish between the receiving substation, 
subtransmission, and the distribution substation. Within the 
field of distribution we may wisely distinguish between pri- 
mary lines and secondary lines, and even between different 
primary lines and different secondary lines. If we consider each 
as an entity conducting its own business and delivering its 
product to another, we have a cost-accounting situation that is 
simple relative to the situation presented when we look at the 
whole of distribution. Let us, for managerial purposes, think 
in terms of functions and of circuits rather than of the distribu- 
tion system as an undifferentiated whole. 

Given circuits as integral components, there could then be an 
accounting for each significant circuit; the cost of its raw 
material, i.e., current delivered from the preceding circuit; 
the property and construction costs of the circuit and its valu- 
ation; the maintenance costs on it; its line losses; its particular 
depreciation and obsolescence charges under its individual condi- 
tions; its operating costs; its supervision costs; its share of 
taxes, general administrative expense, and other overhead; and 
the cost of its end product delivered to the next circuit or to the 
customer. 

Such cost accounting would give a basis for recording pre- 
cisely changes in property; for judging the efficiency of manage- 
ment; and for comparison of the efficiency and costs of circuits 
of the same type within a given company or among various 
companies. Futile comparison of the costs of entire distribution 
systems of different companies could be abandoned. Cost 
accounting and cost comparisons would promote standardization 
of best facilities and methods—cost keeping and such standardiz- 
ing go together, and standardizing lowers costs. 


Somer Aspects oF TECHNIQUE 


Cost finding could and should be more precise than is now 
customary in the. industry. While it would initially be more 
expensive than those sketchy methods which at present pass for 
cost accounting, it would pay for itself by revelations of oppor- 
tunities for more economical management. This matter of com- 
paring before and after is illusory. Men ate and lived before 
proteins, carbohydrates, vitamins, and other items of the “ac- 
counting” of dietetics were understood. But now they eat 
differently and think differently about what and how to eat, 
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and health is improved. Much more precise cost accounting is 
due from the industry and is being forced upon it by the inexora- 
ble pressure of events. 

With respect to some recurring operations, the cost system 
would keep operation costs—unit-operation costs. In this 
category would be digging different types of holes, setting poles, 
backfilling and-tamping, guying, attaching rack, cable pulling, 
cable splicing, tying conductors, installing transformers, lightning 
arresters and fuse cutouts, grounding, and so on. To the engi- 
neers, standard unit-operation cost records of this kind, once 
determined and periodically checked, would permit more precise 
layout of jobs and estimation of costs, and would permit con- 
tinuous fruitful efforts to improve management and effect econ- 
omies. Well-kept costs of this type are now maintained by some 
companies—made necessary for estimating for contracts. 

Cost accounting of this order would not necessarily, as is 
sometimes alleged in the industry, make accountants of field 
men. Foremen would undoubtedly have to be of a high quality, 
understanding of standards and not disposed to be each a law 
unto himself. But the new agency required would have to be an 
adaptation of the factory planning room. Allocation should be 
an engineering-accounting function, in many instances simul- 
taneous with planning and laying out work prior to its actual 
execution. The work orders should be accounting papers. Field 
forces can note what has been done so that the cost unit in the 
engineering-planning unit can make the allocations. If work is 
so planned and laid out in work orders as to be identifiable, it is 
accountable, and it is surprising how little additional ‘“book- 
keeping”’ is required. 

With respect to some operations, job costs would be essential 
and practicable, as, for instance, the exact cost of any construc- 
tion or maintenance job. These costs would make possible ac- 
curate general-ledger accounts of property. Both operation and 
job costing have already been highly developed by the leading 
construction companies. They have been foreed to it because 
of the competitive necessity of computing bids closely—low 
enough to establish probability of securing a contract, high enough 
to establish probability of making a profit. 

To some processes the principle of process costing would be 
applied, for some operations are fairly repetitive and con- 
tinuous. For some operations workers can be routed from unit 
to unit in such a way that the whole operation may be regarded 
as a continuous process. Among the following are likely to be 
found several processes which can be considered of this class: 
Meter reading; periodic testing of meters; miscellaneous ap- 
paratus testing; painting; billing, accounting, and other clerical 
work. Where it is desired, analysis of the costs already distrib- 
uted will segregate those related to productive capacity, those 
related to unused necessary capacity, and those related to ex- 
cessive capacity. Many significant analyses will be possible 
as a result of more effective cost accounting. 

Ultimately, as a successful technique of cost finding is estab- 
lished—the illustrations given are suggestive only and not the 
result of detailed experiments—accurate cost analysis of most 
operations will be possible and the way to many operating econ- 
omies will be indicated. 


OvERHEAD, Jomnr, DIFFERENTIAL, AND DEFERRED Costs 


With such accounting as is here suggested the problem of 
allocating overhead becomes simplified. Original unit expendi- 
tures are handled in detail, and the residual overhead for general 
distribution is greatly reduced. The outstanding difficulty of 
most present efforts at distribution cost accounting is that the 
enterprise is considered as an indivisible whole; costs are not 
allocated by units at the time they are incurred and later are 
irrationally distributed over products or classes of service with 
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confusing results. The expenditures that are really overhead, 
nondistributable in the sense that allocations cannot be made at 
the time of the expenditures, are much more limited than the 
expenditures which are distributable. The residual overhead 
ean then be handled rationally. It can be analyzed, if desired, 
with especial attention to the difference between overhead as a 
function of use of productive capacity, overhead as a function of 
unused necessary capacity, and overhead as a function of exces- 
sive capacity. 

With proper cost finding, distribution of overhead attributable 
to a given circuit or other given portion of the distribution system 
is relatively simple. When expenditures are themselves defi- 
nitely shown to be related to a given circuit proper allocation is 
an easy matter. 

Likewise, with respect to joint costs, of which distribution 
has many, there is no immutable law governing their allocation. 
Judgment must be used and if allocations of each unit expenditure 
are properly made at the time of the expenditure, it will be 
easier to secure sound judgments. If, for example, poles are 
placed along a road to carry lines of more than one circuit, or 
of more than one company, at the time of construction rational 
allocations can be obtained. When the situation changes rational 
changes in allocations should be effected immediately. In this 
matter of joint costs, changing conditions require occasional but 
not frequent reanalysis for which records are invaluable. The 
allocation of joint costs in operation and maintenance is conceded 
to be much more difficult than in construction. 

With respect to differential, or incremental costs, it may be 
said that appropriate cost accounting would make possible cost 
finding that could determine with unusual precision what the 
costs of separate increments are and their influence on costs of 
the entire volume to which an increment may be added. This 
is true not only of quantitative aspects of increments but also of 
qualitative aspects such as different customer densities and levels 
of customer consumption. Such a system of continuous cost 
accounting is precedent to any sound computation of differential 
costs. What is here stated concerning differential costs is true of 
deferred costs, such as deferred maintenance. The more precise 
the accounting, the sounder will be the judgments and decisions. 


Costs AND PRIcES 


Earlier in this paper reference was made to the relation in a 
competitive industry of costs and pricing policies, and this rela- 
tion was compared with that prevailing between cost and pricing 
policy in the public-utility industry. 

In an essentially monopolistic, public-service industry, costs 
have a direct bearing on prices. There are two opposing forces: 
The desire of the industry to make as generous profits as possible— 
the outer limit to profit being set by regulation—and the desire 
of consumers to get power and light as cheaply as possible in a 
system of equitable, balanced rates. Neither industry nor con- 
sumers have a competitively established market price as a base 
of reference. The establishment of such a base would be to 
the advantage of the industry, for if the pressure of the consumer 
is applied blindly in the absence of any base of reference, it may 
ultimately eliminate the profit margin. The industry needs 
precise cost finding for two reasons: Careful analysis of costs 
honestly incurred by an efficient management will help fend off 
demands for unreasonable rate reductions. Furthermore, the 
industry is finding it necessary to make intensive efforts to reduce 
costs to a minimum in order to maintain profits. Efforts must 
be centered on distribution costs and only by means of effective 
cost finding can the maximum economies be achieved. 

The use of costs as a base of reference does not mean that every, 
or any, price in a rate structure would have to be a cost-plus 
price, but it is probable that the relation between costs and bene- 
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fits can be so established as to make possible class or group rates 
which would be accepted as equitable. Informed judgment 
would be used to determine prices, in the making of which loads, 
idle capacity, peaks, and so on, would be taken into consideration 
after study of pertinent cost findings. Theoretically, if carried 
to a ridiculous degree of expensive detail cost accounting could 
show a different cost for every different kilowatthour of power 
delivered to every different consumer at every different hour 
of every different day. No one entertains thoughts of a system 
which represents even the nth root of such ridiculousness, and 
for rate-making purposes cost accounting could be less detailed 
than that required for the most effective management. Cost 
data could be used to test rate structures and levels to ascertain 
whether they were rational and equitable. People feel no sense 
of injustice because grocers make more profit per dollar turnover 
on caviar than on butter or sugar, for they understand sufficiently 
the general bearing of the cost factors involved. So might it be 
in the power industry if they could present in court and commis- 
sion hearings differentiated cost data instead of generally un- 
intelligible altercations concerning the allocation of a great mass 
of undifferentiated data. 

In view of a trend toward a public policy of maintaining strate- 
gically located public power enterprises to serve as “yardsticks,” 
the promotion by the private power industry of the very highest 
order of cost finding and of detailed accounting records open to 
the public is imperative. Uniformity and progress would be 
promoted and the value of the data increased by establishment 
of a central agency for the development of uniform accounting 
procedure. It is imperative that the industry replace confusing 
data with orderly data, because the public is becoming impatient 
with generalities, such as are exemplified by common assertions 
concerning the overall significance of taxes as an element of cost. 
It must for its own salvation discover the elements in management 
where economies may be realized, to meet such lower costs as may 
be convincingly recorded by public enterprises. 


HistoricAL DEVELOPMENTS 


Without doubt cost-finding methods for electrical distribution, 
somewhat after the order of those recommended in the foregoing 
discussion, have been under consideration by engineers since 
about 1910. About that time, the Penn Central Electric Light 
& Power Company, operating in a territory extending for about 
two hundred miles and centering in Altoona, Pa., adopted com- 
parable methods. This work was introduced under the presidency 
of Charles Day, of revered memory, who had for his mentor 
our distinguished past-president Frederick W. Taylor. These 
practices were described before the Taylor Society in some detail 
by Hudson W. Reed, now assistant to the president of the United 
Gas Improvement Company, in 1929.2 It is unfortunate both 
for the industry and the public that, so far as the record shows, 
the techniques described have not advanced materially since 
then. 

It is a fact worth recalling that Mr. Day in his own thinking 
about 1915 referred to the cost of distribution as ‘three times 
the cost of power.” As matters have developed, this was a 
sage observation. It is interesting also as showing the almost 
unbelievable lack of definition which, in the industry’s thinking, 
has continued practically up to the present time. 

At this point it is necessary to distinguish again between 
costs which come “‘off the books” of the character which we have 
been advocating as the only real satisfactory solution of the cost 
problem, and ‘‘cost studies” or occasional cost determinations 


2In 1916 Charles Day himself gave an impressive description 
supplemented by lantern slides at a meeting of the Taylor Society 
at the University of Michigan at Ann Arbor, but he never wrote it 
down for publication—a great loss. 


MANAGEMENT 


which are made on occasion from the best available data but 
admittedly lacking precision and some measure of authority. 

As a matter of fact, we cannot under present conditions be 
enthusiastic over the possibilities of making any very satisfactory 
statement as to actual power-distribution costs. This results 
not only because of the virtual absence of cost-finding techniques, 
but because the basic accounting procedures are really not such 
as to make even cost studies easy. In fact, to meet this ac- 
counting situation, it was necessary for Mr. Day to keep virtually 
three sets of books, recording the same unit data but in each 
classifying and summating them in a particular manner—one 
for ordinary business and banking purposes, another to meet the 
requirements of the Pennsylvania Public Service Commission, 
and the third for managerial purposes, not the least important 
element in which was cost finding. 


APPROXIMATIONS THROUGH Cost STUDIES 


In order to justify any such general treatment of such an 
obviously engineering matter as is here being attempted, one 
must recall that cost determinations have hardly ever been sought 
even in regulatory procedures before public-service commissions. 
Almost without exception the practice in rate regulation has 
been limited to control of total net income while the companies 
have been permitted to vary the rate of profit among the several 
classes of service. In the relatively few instances where the 
effort has been made to determine net for a single class of service, 
such as domestic, the purveyor company has still been allowed to 
fix rates for various types of service within the classification 
without establishing costs: 

In drafting “What Price Electricity?” (4)? in 1928, there was 
an effort to make some general statement in regard to the cost 
of distribution, based on all the facts then available. At the 
last moment some eighteen pages of manuscript were boiled 
down into a single paragraph saying that the cost of distribution 
was not above 3 cents per kwhr. In a 1929 publication, “On 
the Cost of Distribution” (3), reasonably sound methods were 
developed by which this general picture of costs was more 
accurately determined. These were related to specific companies, 
and established largely on the basis of reports of these companies 
to the respective public-service commissions. The line of 
argument, however, though wholly logical, was quite involved 
and remained unconvincing not only to laymen, but to engineers 
without experience in this field. 

In January, 1933, at the Institute of Public Engineering held 
under the auspices of the Power Authority of the State of New 
York, Clayton W. Pike (14), carried these studies considerably 
further, using the reports made to the New York Public Service 
Commission by a group of the operating utilities of that state. 
Major Pike utilized his wholly unique education, training, ex- 
perience, and point of view in interpreting and supplementing 
the data furnished. This presentation really inaugurated reason- 
ably fruitful distribution “cost studies.” It gave to cost studies 
in this field more validity as means of getting dependable broad 
pictures. The author of that study was firmly established as a 
competent authority by the notable work he did in Philadelphia, 
after graduating from the Massachusetts Institute of Technology, 
in initiating an estimating technique for electrical contracting. 
As chief of the electrical bureau of that city under Mayor 
Blankenburg, he not only had direct supervision of the city-owned 
underground and overhead wires, but he was also the principal 
engineering witness for the public interest in the first electrical- 
rate case conducted before the Pennsylvania Public Service 
Commission. This was only the beginning of a long series of 
electrical-rate cases in which he was the leading engineering parti- 
cipant. Later, for the City of Baltimore, he conducted a thorough- 


3 Numbers in parentheses refer to Bibliography at end of paper. 
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going analysis of the city-owned underground ducts—including 
construction and operating costs. 

Major Pike’s conclusion in the paper referred to was that for 
the average residence customer in New York State the distribu- 
tion cost was $13 per year, or 2.36 cents per kwhr for average 
annual consumptions of 550 kwhr. He found the average length 
of distribution wire per average residence customer to be about 
500 ft, a length accounted for largely by the fact that the study 
included rural as well as urban customers. A later check-up 
by Major Pike showed the average length in a closely built-up 
section of Philadelphia to be 92 ft, and the normal length per 
average residence customer—small town as well as large city— 
to be close to 300 ft. All such averaged observations, of course, 
are to be considered as subject to later revision and more precise 
determinations such as are not possible today under existing 
conditions. 

An even more comprehensive study on distribution costs 
is a “Report on Cost of Distribution of Electricity,’ by the 
Power Authority of the State of New York made in 1934, in 
which Major Pike’s conclusions were amplified through studies 
made in representative urban localities both within and without 
New York State. Especially in the case of the municipal-plant 
studies, these data were quite convincing because of the wide- 
open opportunity afforded not only to get the basic current data, 
but to relate them to the historical development of the several 
plants. This study represents such an important contribution 
to the subject that its conclusions merit a brief summary. 

Some twenty engineers, accountants, and economists co- 
operated in the planning and execution of the survey. Studies 
were made of the cost of distributing electricity in twelve com- 
munities in states other than New York State, in fifteen com- 
munities in New York State outside of the metropolitan area, in 
suburban White Plains and in New York City. 

This survey pointed to many findings and conclusions. Those 
bearing importantly on the subject of this paper were: 


(a) The reasonable cost of distributing electricity to homes 
with an average annual consumption of 600 kwhr does not 
exceed 21/. cents per kwhr. 

(b) The decrease in cost per unit of energy is the truly signifi- 
cant figure. The cost of distribution per kwhr, decreased from 
2.5 cents for an average consumption of 600 kwhr to approxi- 
mately 1.7 cents for an average annual consumption of 1200 
kwhr, 1.1 cents for an average use of 2400 kwhr and 0.7 cent 
for an average use of 4800 kwhr per year. 

(c) Variations in distribution costs, as between different 
municipalities, proves to be much less than commonly under- 
stood. 


Under a resolution of the United States Senate, the Federal 
Power Commission has for some time past been carrying on in- 
vestigations in this field, and its conclusions should be of great 
interest. This subject takes on added interest from two recent 
pieces of federal legislation. In the act setting up the Federal 
Coordinator of Transportation,‘ that official is instructed to in- 
vestigate methods for railroad cost finding, and in the so-called 
Holding Company Act,’ passed at the recent session of the 
Congress, the Federal Power Commission was authorized to re- 
quire cost-accounting procedures for the electrical properties to 
be regulated. 

The purpose of this paper through the introduction, the dis- 
cussion of the techniques of cost finding seemingly appropriate 
to this field, and these concluding historical paragraphs has 
been twofold: 

(a) To indicate the nature of a technique of cost finding which 


4 See Emergency Railroad Transportation Act, 1933. 
5 See Public Utility Act of 1935, title II, part III. 
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trends are making imperative for the electrical industry—a 
technique that will permit taking off the books at any time 
distribution costs of particular companies, particular sectors of 
a company, particular functions, particular services, etc. 

(b) To indicate that in lieu of the above technique there has 
been developed—largely by those outside the industry—a 
technique of occasional distribution-costs studies, progressively 
improved in reliability, which permits dependable broad generali- 
zations. 

In view of the splendid comparable data on the cost of generat- 
ing electricity available today, one is apt to forget that at one 
time these cost figures were as chaotic as those prevailing now in 
distribution. Curiously enough, there is almost no effort today to 
compare the cost records as to distribution of two properties 
even when these properties are under the same ownership and 
management. 
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The author approaches the subject of distribution costs 
from the standpoint of what is actually being done with 
every item of the distribution cost in the case of one 

| specific company. He shows the actual method used by 


> that company in creating standards for the different 


elements of distribution costs, the application to the 
various products manufactured by that company, and 
the method used in applying such costs to the different 


_ territories. 


costs begin with the same statement, viz., ‘The matter 
of distribution costs has been sadly neglected, whereas 
factory costs have been studied from every conceivable angle.” 
That is very true but, as an illustration of the importance of 


; ita ee of the papers published on the subject of distribution 


} 


this subject, the Association of National Advertisers, with the 


cooperation of the National Association of Cost Accountants, 
recently published a 109-page report, the foreword of which was 

) as follows: 

| “For some years past intensive efforts have been put forth 
by manufacturing organizations in the United States to reduce 
costs. The greater part of these efforts have been directed toward 
the manufacturing or production end of business and real progress 
has been made in that direction. 

“Distribution costs, on the other hand, have more recently 
come under the scrutiny of business management, and today 
an increasing number of manufacturers are devoting careful 
thought and study to ways and means of lowering the cost of 
distribution. No greater need exists for manufacturers at the 
present time perhaps than a reduction in the cost of selling and 
distribution.” 

The opportunity for research and saving in distribution costs 
is much greater today than are the opportunities in the realm of 
factory overhead. Whether it is better to sell by direct salesmen, 
missionary men working with jobbers, or by mail order—the 
extent of the advertising program—are questions which are all 
vital to the business under consideration. Depression years may 
make such inroads into sales that the distribution in many outly- 
ing territories will reach such proportions that it may be better 
to discontinue selling effort therein. Management will look to 
the accountant for the arithmetical facts upon which such all- 


\ important decisions will be made. In many instances the account- 


1 Vice-President, Controller and Director, Waitt and Bond, Inc., 
Congress Cigar Company, and Porto Rican American Tobacco Com- 
pany. Mr. Knapp was graduated from the Melrose, Mass., high 
school in 1904 and for the next five years was employed by various 
manufacturers of loose-leaf system supplies. In March, 1909, he 
joined the special service department of the Library Bureau and 
later became a partner in Cutter, Fletcher and Company, account- 
ants. In 1912 he left the public-accountant field and became ac- 
countant for Waitt and Bond, Inc., which organization he served 
until 1916 when he went with the Bassick Company, Bridgeport, 
Conn. In the early part of 1918 he returned to Waitt and Bond, 
Inc., as secretary. 

Contributed by the Management Division and presented at the 
Annual Meeting of THe AmErRIcAN Society or MrecHanicau ENGI- 
NEERS, held in New York, N. Y., December 2 to 6, 1935. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until July 10, 1936, for publication at a later date. Discussion 
received after this date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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Distribution Costs 


By C. HOWARD KNAPP,! NEWARK, N. J. 


ant is in a better position to understand all the factors involved 
than management itself. Certainly, the increased business 
necessary to warrant an extra advertising campaign or the effect 
on both factory and distribution costs of partial abandonment of 
current territory is a language that is peculiarly our own. The 
point the author wishes to make is that the accountant, to be 
worthy of the name, must be someone more than a person who 
records history, and must know what the results will be if this or 
that course is the one to be pursued. 

It is well known how the National Recovery Act emphasized 
the importance of a knowledge of costs. A great deal was said 
about uniform costs for an industry as well as a prohibition against 
selling below cost. The author was particularly interested in one 
angle of the “selling-below-cost”’ feature. Code instructions, 
with respect to the basis of factory-overhead computation, were 
most complete, as for instance, in one case where normal capacity 
was considered to be the average production of the plant for the 
past five years, whereas in no instance did the author notice 
any attempt to regulate what might be termed as normal business 
with respect to applying distribution expense. In the author’s 
opinion, it is just as unfair to increase distribution costs per unit 
on account of depression business as it is to increase factory costs 
on account of excessive plant idle capacity. Many of the elements 
of distribution expense, such as advertising, salesmen’s salaries, 
selling executive, bear a greatly increased unit cost when sales 
are at a minimum. The author believes it fully as justifiable to 
consider distribution expense cost based upon normal sales ac- 
tivity as it is to compute factory overhead on the basis of normal 
factory capacity. 

Distribution cost is a most important factor in almost every 
type of business endeavor; whether retailing, jobbing, or manu- 
facturing. The dollar used by the ultimate consumer in making 
his purchases is a totally different one from the one manu- 
facturers use in their computations. It is cut down to perhaps 
75 cents when considered from the jobber’s point of view, and 
perhaps 60 cents when reduced to the manufacturer’s stand- 
point, or expressed inversely, the manufacturer’s sales dollar 
becomes $1.25 to the jobber and $1.666 to the retailer. These 
comparisons will, quite naturally, change with the nature of the 
business. In 1931 the distribution cost in the drugs and toilet- 
articles manufacturing business was 38.8 per cent of the net 
sales. Some of these products are sold to jobbers who sell to 
retailers, who in turn sell to the ultimate consumer. Assume a 
jobber’s gross profit of 15 per cent, out of which he has to pay all 
expenses of doing business and make a net profit, and assume a 
retailer’s gross profit of 25 per cent, out of which he has to pay 
all expenses and make a profit. Based on the distribution cost 
of 38.8 per cent, if a manufacturer wishes a profit of 5 per cent 
on net sales, a toilet article with a manufacturing cost of $1.00 
becomes a sales dollar of $1.78 to the manufacturer, a sales dollar 
of approximately $2.10 to the jobber, and a consumer sales dollar 
of $2.80. Think of it—an increase from a manufacturing cost 
of $1.00 to a purchase price by the consumer of $2.80, and the 
manufacturer has made only a 5 per cent net profit while the 
jobber and the retailer are having a difficult time in making any 
profit at all. One then says that the cost for distributing the 
product is too high. Very probably, but the drug manufacturer’s 
advertising and salesmen’s expense alone were 30 per cent of his 
net sales but, if he didn’t advertise his product, the consumer 
wouldn’t know of it, and the jobber wouldn’t carry it. There are 
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two sides to every story. It must be admitted that advertising 
has been a tremendous force in the growth of our national in- 
dustries. It has trebled and quadrupled the sales in many in- 
stances and, by so doing, has greatly reduced manufacturing cost 
through greatly increased volume. Let us not forget, therefore, 
that, although the cost of distribution has greatly increased 
through larger advertising and promotional expense, there has 
been, until recently, a greatly reduced manufacturing overhead 
through increased production. The trouble has been that we 
have permitted ourselves to become geared up to a productive 
capacity that a depression cannot support. 

During the distressing times such as we have been experiencing 
the manufacturer feels that he should advertise as much as ever 
to get what business there is and he cuts his sales prices even 
more than his decreased cost of raw material will warrant, in 
order to prevent factory idle capacity. Jobbers begin to cut 
prices in a wild attempt to get the other jobber’s business. The 
large retailers reduce prices below a point which gives them 
sufficient margin to cover store expenses in order to increase 
unit sales. The little retailer feels he has to meet the price or 
lose his business, and in too many cases he is in a position where 
he has no alternative but to lose his business either to his cut- 
price competitor or in the bankruptcy courts. If distribution 
costs of manufacturer, jobber, and retailer are so great that an 
article, the manufacturing cost of which is $1.00, must sell to 
the consumer at $2.80, why cannot a great deal of this cost be 
saved if the manufacturer sells directly to the consumer, or at 
least with the elimination of the jobber? In some instances this 
may be done, but many a manufacturer has tried it, and great 
indeed has been the resultant trouble for the manufacturer. 
In any event, a better knowledge of distribution costs on the 
part of the manufacturer, jobber, and retailer would have 
curtailed many of the evils that have crowded the last few years 
of manufacturing and marketing. 

The author is of the opinion that too many of the papers 
written and talks given on the subject of distribution costs treat 
with the theories involved rather than the practical working out 
of the problem. We read how selling prices must be computed, 
giving due recognition to all of the elements of cost, as well as 
how necessary it is that a salesman’s time be accounted for with 
respect to the time and effort applied to the various products 
he is marketing, and in general get advice as to the various fac- 
tors to consider in studying this subject. It is quite necessary to 
understand the theories involved and some excellent papers have 
been written along these lines, but the author believes it will 
also be worth while to approach the subject from the standpoint 
of what is actually being done with every item of distribution cost 
in the case of a specific company. It is the author’s intention 
to show the actual method used by Waitt and Bond, Inc., in 
creating standards for the different elements of distribution costs, 
the application to the various shapes in arriving at the final 
cost of Blackstone cigars and the method used in applying 
such costs to the different territories. 

There are varying opinions as to what constitutes distribution 
costs. Those held by Waitt and Bond, Inc., are practically the 
same as those outlined by the Association of National Advertisers, 
and therefore the author will apply in this paper the classifica- 
tion used by the Association of National Advertisers since it is 
probably better to base a discussion of such a subject on a classi- 
fication pertinent to a large number of industries. The classifi- 
cation is as follows: (1) direct-selling costs, (2) advertising and 
sales promotion, (3) transportation, (4) warehousing and stor- 
age, (5) credit and collection expenses, (6) financial expenses, 
and (7) general administrative expenses. It is intended that this 
classification constitute all of the expenses of the business that 
are not included in manufacturing costs. 
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Although the author has used sales dollar in the following 
illustration of distribution costs, he does not wish to create the 
impression that all classifications should be computed in this man- 
ner. Different bases are used in applying the cost of the various 
classifications to the product; some are more equitably applied 
on the net sales dollar, some on the weight of the product, some 
on a unit plan, and some on a purely arbitrary basis. Of course, 
conditions applying to one kind of business will necessarily 
be different in another, causing a different method of application. 
In addition to computing standards and costs for the various 
products manufactured by Waitt and Bond, Inc., the cost of 
distribution expense is also recorded against their various dis- 
tributors and territories. For instance, there will be a certain 
advertising cost per thousand for the Blackstone Londres but, 
in computing the advertising cost of the business done by their 
Boston distributor, no consideration is paid to per thousand 
cost, but the cost of advertising in that sector is charged against 
the business of that sector. Later on, this feature will be dis- 
cussed in greater detail. 

In the creation of standards, it is necessary to work from a 
forecast of performance. In effecting factory standard costs, the 
element of production, whether based upon sales forecast or 
factory normal capacity, is used as the basis of computation. 
In computing standards for distribution costs, the sales forecast 
is the basis of the computation. Certain exceptions might be 
made to this statement during periods of great depression. The 
author will comment upon this point later in the paper. To save 
time, the method of obtaining sales forecasts will not be touched 
upon, but the author will assume that satisfactory figures have 
been given, determining sales expectancy for the 12-montb period 
just ahead. We will take each item of distribution cost and en- 
deavor to indicate as to how Waitt and Bond, Inc, establishes 
its standard cost and its actual cost, both as to the product 
and the customer. The allocation of costs to the various dis- 
tributors is not tied into the accounting, but of course the totals 
of all items recorded on distributors’ records must agree with 
the accounting totals, so that a listing of net profits on the sta- 
tistical accounts of the various customers must agree with the 
net profits as indicated on the statement of earnings. 


Direct SELLING Costs 


Direct selling costs may be divided into (a) salesmen’s salaries, 
bonuses, .and commissions; (b) traveling expenses, including 
salesmen’s automobile expenses; (c) sales office expenses, in- 
cluding office salaries in sales departments, office supplies, 
telephone, telegraph, rent, postage, and other items for related 
sales service, sales adjustment, or installation departments; and 
(d) all other direct selling costs. 

A great deal of difficulty is encountered in formulating the most 
equitable plan of applying to the product the various expenses: 
coming under this classification. Obviously, the ideal way is 
to base the application of expense on the effort exerted on the 
different items or groups of items in the line. In some businesses 
it is possible, through a study of salesmen’s reports, to reach a 
basis for equitable application. In our own instance, which is 
simplified because our men sell nothing except cigars, we believe 
the net-sales dollar the most desirable basis for cost computation 
of direct selling costs. There is more sales resistance to the cigar 
which sells for two for 25 cents than there is to the five-cent cigar, 
and as our salesmen usually have to work harder and longer to 
sell a thousand of the higher priced product, it is only fair that 
it should be assessed at a higher figure. As nearly as we cam 
estimate, the difference in selling price is a fair measure of the 
difference in selling effort. This is indicated by Table 1. 

The forecasted net-sales dollars for the year are divided into 
the forecasted direct selling costs, obtaining thereby a cost per 
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TABLE 1 DIRECT SELLING COSTS* 
/ ‘ Cost per net-sales 
Von Sales dollar -—Direct selling costs— dollar 
Forecast Actual Forecast Actual, Standard Actual 
LOSS forecast... cs. sek sors et > $11,424,000 _—_.............. $542,640  ..... $0.0475 ae 
SAURUALY cic catalan sins snale tle « 790,925 $759,815 44,000 $43,750 0.0556 30.0580 
HeEbruaryn.s ceeds cos see te eee 740,165 731,935 44,000 43,200 0.0594 0.0590 
Cost upto Mareh ds..32..00.0..-. 1,531,090 1,491,750 88,000 86,950 0.0575 0.0583 
March)... tig wince eee ellen ne 802,750 813,400 45,000 45,600 0.0561 0.0561 
Coat up to Aprilidis,..2- Ske. 2,333,840 2,305,150 133,000 ~~ 132,550 0.0570 0.0575 
Intervening months, April to December 
December sere saliete «ees soni 5 1,318,920 1,286,680 48,000 49,000 0.0379 0.0381 
Cost to Dec. 31, 1935........... 11,424,000 10,895,200 542,640 549,411 0.0475 0.0504 
@ Costs used in this table are hypothetical. 
TABLE 2 ADVERTISING FORECAST? 
ROSH APDLOPIIAtlOL eee eee ee eee ste ate > oso oss caMtateatepe iene Saye iiele «lesa sisi 0,9 $750,000 
Specific charges: 
Blackstone eeriectines.. ioc s cee tices s ~~ 3s eeRree ete te ere eee $ 7,500 
SROCOUA ete Crater nn Aeon ses. Qaepemeeaa See sepa Sits 140,000 
TEI ACTA ie a 2 Oe oy ee ee ee Ses ee = Ge aeietg eee 1 Spare 50! 
FR shady ne ee so ees Site a, > - ~ + aE Oy ala oe 150,000 
Appropriation, not specific: 
Woruse of firm name, 10% 05.4... 2 es eens ee ee 60,000 
Wor use of Blackstone name, 30%......--...--seewegee tes ews tee 180,000 
For Blackstone shapes mentioned or illustrated, 60%.......-.... 360,000 
UTES Bai bo WS A oh ofl eee a te eo dO L CR a ROREREMREED Occ) ui Ses esr CRANE Pace eC ICRC 600,000 
Blackstone 
Londres Perfecto Junior Totem Hoffmanella Total 
1935 forecast, units of 1000 CIBVS ss Ma os as 120,000 24,000 6,000 40,000 10,000 200,000 
Hpecwicwchargessnssccimwlee seas toe ers kee o's $7,500 ee $140,000 $2,500 $150,000 
Appropriation, not specific: 
Use of firm name at 30¢ per 1000........ $36,000 7,200 1,800 12,000 3,000 60,000 
Use of brand name at $1.20 per 1000..... 144,000 28,800 CLL Wigsesrecisn rere 180,000 
For mention or illustration of shape at 
$2.50 per L000 oc eis eee = 300,000 60,000 asst) wal) Rexeysimvere pieye 360,000 
MPotal eee era ee ee rei ey ae 480,000 103,500 9,000 152,000 5,500 750,000 
Advertising standard, cost per 1000........ $4.00 $4.3138 $1.50 $3.80 SORS5S WOR eee 


2 Values used in this table are hypothetical. 
Computation of nonspecific appropriation charges: 


For use of firm name: $60,000/200,000 units of 1000 = 30¢ per 1000. 
For use of brand name: $180,000/150,000 units of 1000 = $1.20 per 1000. 
For mention or illustration of shape: $360,000/144,000 units of 1000 = $2.50 per 1000. 


net-sales dollar, which we establish as standard for direct selling 
costs. These costs are then applied to the net-sales value of 
each type of cigar to obtain the standard cost per thousand. 
As history develops, the actual monthly cost per net-sales dollar 
is computed and compared with the standard. This is done 
cumulatively throughout the year. 

The seasonal feature of business will create apparent variations 
between standard cost and actual cost, as the direct selling costs 
usually remain about the same monthly, regardless of whether 
the month be a seasonally good one or a seasonally bad one. The 
true comparison of the actual with the standard is more fairly 
indicated by computing, for satistical purposes, a standard sales 
expense for each month, by dividing forecasted monthly sales 
into forecasted direct selling costs. Salesmen for Waitt and Bond, 
Inc., indulge in what is called in our business “missionary work.”’ 
They do not take orders to be sent directly to the house, but work 
with the salesmen of the various distributors, the orders going 
to the distributor. A careful record is kept of the time spent in 
the territory of each distributor by the different salesmen during 
the year, and their salaries, traveling and automobile expenses 
are allocated as a charge to the various customers’ accounts, 
based upon the number of days spent with them. 

On the analysis of the National Advertisers, covering 19 
different groups of businesses selling consumer products, the range 
in direct selling cost was from 21.26 per cent of the net-sales 
dollar in the office-equipment and office-supply business, to 
3.23 per cent in the tobacco-products business. It is interesting 
to consider the probable reason for this. Those who are selling 
office equipment know how much time is necessary to effect a 
sale, whereas, in the tobacco industry, the salesman of the manu- 
facturer is usually following up the jobber’s salesmen to make 
sure that the goods of his own house are properly promoted, and 
his expense, therefore, becomes a smaller proportion of the total 
business accomplished. 


ADVERTISING AND SALES PROMOTION 


Advertising and sales-promotion costs may be divided into: 
(a) Total expenditures in all recognized advertising media, such 
as magazines, newspapers, trade and industrial publications, 
radio broadeasting, direct mail, outdoor advertising, car cards, 
window displays, dealer helps, and expenditures for advertising- 
production costs such as art work and engravings; (6) salaries 
and office expenses of indirect selling or sales-promotion depart- 
ments, such as advertising, market analysis, publicity, or market 
development; (c) samples, including cost of distributing. 

The proper application of advertising to the various products, 
or groups of products, in many instances, necessitates a more 
arbitrary method than any other item in distribution costs. The 
basis for including advertising cost in the product may vary 
materially since it is dependent upon the nature of the business 
and the policy of management in recognizing this cost. The 
companies with which the author is associated stand firmly 
against any deferment of advertising cost against sales of a 
-subsequent year unless there are most unusual circumstances 
connected with it. Advertising should be charged to the specific 
article advertised whenever possible, but in many instances 
advertising copy will cover a great variety of products, and yet, 
certain products will gain greater advantage from the publicity 
than others. In the author’s case, for instance, his companies 
have arbitrarily applied that part of the advertising which is not 
specific on the following basis: (a) A total of 10 per cent is charged 
to all brands for use of the firm name in advertising, as a certain 
cigar may not be mentioned, but as it is known as our product, 
it receives value from firm-name advertising. (b) A total of 
30 per cent is charged to all shapes of the Blackstone brand; 
the Junior shape, for example, is almost never specifically men- 
tioned, but it bears the Blackstone prefix, which is always- men- 
tioned. (c) The balance is charged to those shapes of the Black- 
stone brand mentioned and illustrated in the copy. 
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TABLE 3 ADVERTISING COSTS, MONTHLY, 19352 
-January November 
Standard Cost per : Cost per 
cost per ——Sales in 1000-——~ Monthly 1000 actual ——Sales in 1000—— Monthly 1000 actual 
Cigar 1000 Forecasted Actual charge sales Forecasted Actual charge sales 

Blackstone Londres........ $4.00 8,000 7,760 $32,000.00 $4.124 15,800 16,850 363,200.00 33.751 
Blackstone Perfecto........ 4.313 1,750 1,600 7,547.75 4.717 2/500 2,300 10,782.50 4.688 
Blackstone Junior. £95 2s 1.50 450 480 675.00 1.406 700 650 1,050.00 1.615 
Totem.. PENRO G L2G 3.80 3,100 3,000 11,780.00 3.927 4,000 4,200 15,200.00 3.619 
Hoffmanella.......... 0.55 700 660 385.00 0.583 1,000 1,000 550.00 0.55 
"Dota Wore crttetrceted istemracrens ees 14,000 13,500 52,387.75 24,000 25,000 $90,782.50 


® Values used in this table are hypothetical. 


In this manner the entire advertising appropriation for the 
year is charged to the different brands and shapes, as shown in 
Table 2. The respective amounts are divided by the forecasted 
sales of each shape, and an assessment charge is made per 1000 
cigars as a standard which, although arbitrarily obtained, 
believed to be fair and equitable. The standard charge per unit, 
when applied to the forecasted sales, will total the forecasted 
advertising appropriation for the year. Experience has proved 
to the satisfaction of Waitt and Bond, Ine., that an advertising 
appropriation, Table 2, is much more likely to be successfully 
forecasted than are the sales and, therefore, distribution costs 
are charged each month with the total resulting from the multi- 
plication of the forecasted sales (instead of the actual) by the 
respective unit assessment charges, Table 3. The actual cost of 
advertising per product unit will vary monthly, dependent upon 
how actual sales compare with forecasted sales. 

Until recently, almost all of the advertising appropriation of 
Waitt and Bond, Inc., went into radio. This type of advertising 
has brought a new problem with respect to the method of assessing 
the advertising cost to the various territories. The advertising 
agency provided a map indicating the coverage of the different 
stations carrying the program as obtained from surveys. The 
entertainment cost was prorated against the station charges and 
the full radio cost allocated as an expense against the various 
customers, in accordance with the benefit the survey maps 
indicated had been received. Any direct advertising material 
issued is likewise recorded as an expense against the customer 
in whose territory it is distributed so that at the end of the year 
the entire advertising expenditure has been allocated to the dif- 
ferent customers. 


is 


TRANSPORTATION 


Transportation costs include out-freight charges, cartage and 
express, long-distance trucking, local delivery, and in-freight 
charges paid on returned sales. 

Waitt and Bond, Inc., includes the cost of shipping-room labor 
and supp'ies under the classification of transportation expense. 
These items are more definitely related to the weight of the pro- 
duct than to the net sales price. Transportation costs of Waitt 
and Bond, Inc., are determined as shown in Table 4. This method 
of computing transportation costs is a great deal simpler than 


it may seem; the weight of 1000 cigars of each brand and shape, 
packed in packages of various sizes in which they sell, has been 
recorded, and Blackstone Londres packed 50 cigars in a box is 
considered as the standard or 100 per cent package. All other 
packages of Londres and other shapes are indicated by the per- 
centage that their weight bears to the weight of the standard 
package as shown in Table 4. At the end of the month, sales are 
converted to a basis of the standard package. As an illustration, 
the standard package of 50 Blackstone Londres weighs 35.6 lb 
per 1000 cigars. However, Blackstone Londres, five cigars in a 
pack, weighs 37.5 lb per 1000 cigars or 105 per cent of the stand- 
ard, and the Blackstone Junior, 50 cigars in a box, weighs 22.4 
lb per 1000 cigars or 63 per cent of the standard. The same cigar 
will, of course, weigh differently when packed in a different type 
of package. 

Monthly sales of 1,000,000 of each package would be totaled 
as 1,000,000 for the standard, as 1,050,000 for the 105 per cent 
package, and as 630,000 for the 63 per cent package. As 
there are less than 50 different packages it is a matter of not more 
than 15 minutes, once a month, to make the conversion to the 
standard package and to determine the cost per 1000 standard- 
package cigars of all the selling-expense items which are to be 
distributed on a weight basis. In one month the cost of the stand- 
ard package was 52 cents per 1000 cigars, thereby resulting in a 
cost of $0.546 per 1000 for the 105 per cent package and $0.328 
for the 63 per cent package. There cannot be the slightest 
question as to the equity of distributing the items just referred 
to on a weight basis ratber than on a sales-dollar basis, and the 
extra effort involved is negligible. The author is not unmindful 
of the fact, however, that, in most industries the great diversity 
of product sold would entail considerable effort. Nevertheless, 
the author believes that in nearly all instances certain groupings 
could be effected that would make the plan practical. 

On Waitt and Bond, Inc., distributors’ cost records, a charge 
is made for the actual cost of transportation, so that there will 
be shown on the cost records of a Denver distributor’s account 
a higher charge for transportation on 10,000 Blackstone cigars 
than would be the case with the same quantity of cigars going to 
a Philadelphia distributor. In this way, a truer picture is por- 
trayed as to the net profit developing from the accounts of various 
customers. 


TABLE 4 TRANSPORTATION COSTS, 19352 


woe January February———_—_. 
Shipping Per cent Actual Actual 
weight of std. Sales cost per : Sales cost per 
5 Package per 1000 weight Actual Converted 1000 Actual Converted 1000 
Blackstone Londres........ 2 b/20 35.6 1006 4,870,000 4,870,000 0.513 4,700,000 4,700,000 0.534 
Blackstone Londres.......... 1/40 45.0 126 1,640,000 2'066,400 0.646 1,600,000 2,016,000 0.673 
Blackstone Londres........... 1/200 37.5 105 1,250,000 1,312,500 0.539 1,225,000 1,286,250 0.561 
Blackstone Perfecto.......... 1/20 37.5 105 950,000 997,500 0.539 900,000 945,000 0.561 
Blackstone Perfecto.......... 1/40 48.0 135 650,000 877,500 0.693 610,000 823,500 0.721 
Blackstone Junior............ 1/20 22.4 63 310,000 195,300 0.323 300,000 189,000 0.336 
Blackstone Tanlore/ in. cua. ee) 17/200 25.2 71 170,000 120,700 0.364 165,000 117,150 0.379 
BOGOIN gor x a cet bot entiation 1/20 30.0 84 3,000,000 2,520,000 0.431 2,900,000 2,436,000 0.449 
Hoftiiprella:s'. ite den wc coe 1/20 lie 88 660,000 80,800 0.451 600,000 528,000 0.470 
Pitalas a: Fees cee ata te av 13,500,000 13,540,700 13,000,000 13,040,900 
Transportation cost, mone 9 js.gc slo s.tate ciple see tise 0s bik ae icles See rea ge ee 36,946.38 36,963.84 
Transportation cost, per conv Mets ROO! GIP OTE ics cu nek sn ct AICI ono oh ae DOI AOS 0.513 0.534 


* Values used in this table are hypothetical. 


+ The weight of 1000 Blackstone cigars, packed 50 cigars per box, is considered a standard weight of 100 per cent. 


MANAGEMENT 


WAREHOUSING AND STORAGE 

The expenses for warehousing and storage include total ware- 
housing charges, storage charges, and handling expenses on 
finished goods properly chargeable to distribution. 

Waitt and Bond, Inc., does not have this classification in its 
accounting system because the nature of its marketing plan is 
such that the distributors carry whatever supply is necessary in 
each territory. It is certain, however, that warehousing charges 
should not be applied to the product on the basis of net sales, 
\ since in nearly all instances there would be no relation between 

the bulk of the various products and their selling prices. If the 
product warehoused is all of the same form, the one most fre- 
quently handled should be called the standard, or 100 per cent 
product, and all the others indicated by various percentages to 
denote a greater or lesser difficulty or expense in storing and 
handling. If the products warehoused are not of the same form, 
certain groupings should be equitably established, and the same 
plan followed. All products would be converted to the basis of 
the standard product, and the monthly warehousing cost obtained 
in the same manner as just described for transportation expense. 


CREDIT AND CoLLEcTION EXPENSES 


‘The expenses of credit extension and collection may be divided 
_ into (a) expenses of maintaining a collection department, legal 
, fees, and credit service, and (b) losses from bad debts. 

The standard for this classification is obtained by the division 
of forecasted net sales into the forecasted credit and collection 
expense. The resulting percentage is applied to the net sales 
value of each type of cigar to get standard cost per 1000. It will 
be just as satisfactory to disregard forecasted sales and expenses 
of this classification and use as standard the percentage that the 
actual expense bore to the actual net sales, because under anything 
like normal circumstances the forecast of this type of expense 
would be based on the history of the year just ended. In the case 
of a company manufacturing a varied line of product, one class 
of goods going to a type of trade from which it is much more 
difficult to collect, it would be more equitable to indicate losses 
from bad debts by class of product and, once having done so, 
the bad debt cost of a group A would be applied to the cost of 
the same group-A line on the net-sales dollar. 

It may seem strange to some to see losses from bad debts ac- 
counted for in costing the product, but it must be remembered 
that distribution costs are being recognized more and more as a 
term to cover every expense pertinent to the business after 
manufacturing cost up to, but not including, federal taxes and 
dividends. It is certain that in computing the total cost of a 
product, recognition should be given to the fact that certain losses 
from bad debts will occur. Whether the anticipated loss is de- 
ducted from net sales, or included in distribution costs, is im- 
material, but the author believes there will be more surety of 
recognition, if treated in the latter manner. 

The National Advertisers’ survey shows jewelry and silver- 
ware manufacturers to be the greatest sufferers from credit and 
collection expense, with 3.51 per cent of net sales, whereas manu- 
facturers of household appliances have the lowest cost, or 0.63 
per cent. The reasons undoubtedly are that jewelry is a luxury, 
sold usually on credit, whereas household appliances are sold 
often for cash, and the credit loss is minimized because sales 
are largely through utility companies supplying current. 


FrivanciaLt EXPENSES 


This classification on the National Advertisers’ survey had 
included with it the item of cash discounts on sales. The author 
believes it is very much better to consider cash discounts allowed 
customers as a deduction from sales before arriving at net sales, 
as a cash discount of 2 per cent for payment in either 10 or 30 
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days is paying such a high rate for money that it obviously be- 
comes an additional trade discount contingent upon payment in 
accordance with terms. Other financial expenses might be the 
cost of the treasurer’s department, expenses with respect to 
stock certificates and bonds, and their listing, registration, and 
transfer fees, and interest costs. The application of this classi- 
fication to the product in most instances is made most practi- 
cably to the product on the basis of the net sales price. Where 
interest constitutes the major part of the expense, the manu- 
facturing cost is more equitable as a vehicle than the net sales 
price, as the money has been borrowed primarily for material 
purchases and pay-roll expenditures, but the chances are that 
there would be only an infinitesimal difference in the cost whether 
it was applied on the manufacturing cost or the net sales price. 

Application of financial expense on the basis of the unit of 
production, however, would be most incorrect in most instances, 
as 1000 Blackstone cigars selling for $95 have cost infinitely 
more for interest than 1000 Totem cigars, selling for $40. 

In the case of the companies with which the author is associated 
interest on investment in manufacturing equipment is charged 
to fixed burden departmentally, and interest on raw materials 
computed as a separate element of manufacturing cost. The 
offsetting credit for these two entries is made to the interest 
account which is charged with interest on borrowed money. 
In the case of the companies with which the author is associated, 
the interest account becomes quite a substantial credit item, and 
due consideration is given to it in planning the desired profit 
percentage. In federal tax return, interest on investment item is 
eliminated in cost of manufacturing and in profit-and-loss interest 
credit. In listing current assets, that portion of inventory consist- 
ing of interest on investment is taken out and shown with deferred 
charges. No equitable cost of manufacturing can be computed, 
however, in our instance, without recognizing interest on invest- 
ment as an element of cost, as raw material used in some of the 
brands manufactured by Waitt and Bond is owned for two or 
three years, whereas, due to special buying arrangements, raw 
material used in other shapes may be owned for only four or 
five months, the leaf dealer assuming the carrying charges in 
such instances, although it is included in the purchase price 
when billed. If one type of tobacco costs $1.00 per pound and 
is not ready for use until two years have elapsed, it has cost, 
with interest at 5 per cent approximately $1.10 per pound in 
manufacturing, whereas a tobacco ready for use at time of purchase 
will be less expensive even though the price paid for the raw 
material be $1.09 per pound as against a dollar in the first instance. 
As these conditions are facts, and costs are supposed to deal with 
facts and should be tied up to the accounting, there is only one 
correct way for the problem to be handled in the cigar-manufac- 
turing business. 


GENERAL ADMINISTRATIVE EXPENSES 


Various elements of administrative expense should, undoubt- 
edly, be applied on different bases. In many instances, the cost 
of such items as order taking, billing, and accounts-receivable 
ledger work should follow the number of orders or order items 
rather than the sales dollar of the order. Some elements of 
administrative expense, and miscellaneous income charges and 
credits, may best be applied on the net-sales dollar, which the 
author believes is the way such items, in their entirety, are usually 
applied. 

In the companies with which the author is associated general 
administrative expense is applied on the net-sales dollar, because 
it is believed to be the most equitable when considered from the 
standpoint of practicability. As we deal almost entirely with 
large jobbers and sole distributors, the orders are nearly all 
large ones, and so few clerks are needed for such work as order 
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TABLE 5 STANDARD COSTS AND FORECASTED EARNINGS, 19354 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
x e i) rd 
g a cS 2 A a Le] Sa = i 3 ‘5 
6 ae 5 $y aoR gO a me A, g be 2 
a oa 3 q 2 < ofa SA & e- ° i = ry 
2 cae a eee ESSE Ge > ES I r=) S ® 
rr Oo ~ Ss oN 3 Ps Ba Se A a 5 
Ow ae 7 : Sko 83 33 os a » 
oe ae g 2. 3° (hia a She oe a | 3 3 
o oe inc es Srl Bi tomo mamE (Ce Mee 3 & % % 2 
80 “Oo Q pa ak = an oun Bo 2o ° 3 a 3 a 
s = Sys a) as 2a Spo OG on 2 = na = 3) ° 
ag Ey oH On ay Mom ‘9a aa 5 Be a ° 3 o ® 
3 me ES. ca £8 S82 gaa s$s 26 25 3S Og 8 5 
Cigar Ay Ae Avs aH Ae O88 das BSH BE Aes ca = fe fy os 
Blackst Lond _.. 1/20 $49.125 $3.028 $4.000 $0.52 $0.127 $2.008 $58.808 $1.534 $1.867 $58.475 $63.75 $5.275 72,000,000 $379,800 
Blastatone Pouizes Oty ons Ure 51.715 3.028 4.000 0.655 0.127 2.008 61.533 1.534 1.965 61.102 63.75 2.648 28,000,000 74,144 
Blackstone Londres.... 1/200 50.211 3.028 4.000 0.546 0.127 2.008 59.92 1.534 1.908 59.546 63.75 4.204 20,000,000 84,080 
Blackstone Perfecto.... 1/20 61.934 3.836 4.313 0.546 0.162 2.544 73.3385 1.601 2.353 72.583 80.75 8.167 15,000,000 122,505 
Blackstone Perfecto.... 1/40 64.219 3.836 4.313 0.702 0.162 2.544 75.776 1.601 2.44 74.937 80.75 5.813 9,000,000 52,317 
Blackstone Junior...... 1/20 22.237 1.413 1.500 0.328 0.059 0.937 26.474 1.943 0.845 27.572 29.75 2.178 4,000,000 8,712 
Blackstone Junior...... 1/200 21.916 1.413 1.500 0.369 0.059 0.937 26.194 1.943 0.833 27.304 29.75 2.446 2,000,000 4,892 
Movemis.s.ns ates 1/20 27.021 1.615 3.800 0.437 0.068 1.071 34.012 1.649 1.027 34.634 34.00 0.6345 40,000,000 25,3606 
Hofimanellas. Sere cinerea 1/20 27.503 1.413 0.550 0.458 0.059 0.937 30.920 1.484 1.045 31.359 29.75 1.609% 10,000,000 16,0905 
A) 115) 07) Une OM AE Ea one SRO Ei meat or APSE co Re ISD CPCI! OUT SE MC MEME 8 Deg sb ante. ae OR CE OTAGO OMA eae SET 6 Ne 200,000,000 685,000 
2 Values used in this table are hypothetical. 
b Represents loss. 
TABLE 6 ACTUAL COSTS AND BRAND PROFITS, JANUARY, 19354 
1 2 3 4 5 6 z 8 9 10 11 12 13 14 15 16 
oO so cre 
bo 3 & BS 0 ro} 
Saechegeemats 4 68 le’: emg keen s oo 
-2 Q a g SK 2.2 = =H iS S 
o3 28 > S, oo aot Ss 3 Ve 
38 dee, So aida cae, Che Me oeaieenmias gone 
Sweet ie ee So. | eee wen Pee 2 a 
Hien Bi Re eo ot) Bee Fe aig | ag A 2 
aoe. ated So fo GEicmasic Ae ae a 2 4 = 
ro) aie Oe, ‘2 6a a ag 99 495 Lies 6 x) S a 
to ot pea ors on Bo ar ¢ ee Ow > ae mB ° 3 Q o 
3 SAS So A) ae felt Bion gq. 3 oo o> = a pa a a 
$ 822 8s fo s S88 Eas $35 25 Su 2 38 F = 3 
Cigar & <@8$ Ase <e AS O88 dao HSS Sd 88 i on aa a Z 
Blackstone Londres..... 1/20 $48.876 $3.698 $4.124 $0.513 $0.115 $2.295 $59.621 $1.840 $1.955 $59.506 $63.75 $4.244 4,870,000 $20,668 
Blackstone Londres..... /40 51.476 3.698 4.124 0.646 0.115 2.295 62.354 1.840 2.059 62.1385 63.75 1.615 1,640,000 2,649 
Blackstone Londres..... 1/200 49.962 3.698 4.124 0.539 0.115 2.295 60.733 1.840 1.998 60.575 68.75 3.175 1,250,000 3,969 
Blackstone Perfecto..... 1/20 61.507 4.684 4.717 0.539 0.145 2.907 74.499 1.922 2.460 73.961 80.75 6.789 950,000 6,450 
Blackstone Perfecto..... 1/40 63.792 4.684 4.717 0.693 0.145 2.907 76.938 1.922 2.552 76.308 80.75 4.442 650,000 2,887 
Blackstone Junior...... 1/20 22.583 1.725 1.406 0.3823 0.054 1.071 27.162 1.917 0.903 28.176 29.75 1.574 310,000 488 
Blackstone Junior....... 1/200 22.262 1.725 1.406 0.364 0.054 1.071 26.882 1.917 0.890 27.909 29.75 1.841 170,000 313 
Totem ......0c00.55.+.+- 1/20 26.85 1.972 3°927 0.431 0.061 1.224 934,465 1.976 1.074 35.3867 34:00 1/3672 3,000,000 4,1016 
Hoffmanella............ 1/20 27.394 1.725 0.583 0.451 0.054 1.071 31.278 1.527 1.096 31.709 29.75 1.959% 660,000 1,2935 
Total ieee ccsig pew cide 0 270 Sw pe wine sph to Rea REAR a ee oer eee LR ne: SUNS A 8” © 0: y: fee RRR OU an SeCeeE eT al eMetIC a dR ae tse Te eee 13,500,000 32,030 


@ Values used in this table are hypothetical. 
b Represents loss. 


writing, billing, and posting, that a more minute allocation of 
this expense is deemed inadvisable. 

With Waitt and Bond, Inc., manufacturing overhead is ap- 
plied on the basis of normal factory capacity instead of fore- 
casted production. The manufacturing account is charged each 
month with only that portion of fixed burden which actual direct 
labor has earned, the unearned portion being charged to profit 
and loss as idle capacity. Obviously, such an item must not be 
lost sight of in obtaining the final cost of a product, and it is 
equally true that it should not be included as one of the items of 
distribution cost. The author believes idle capacity to be such 
an important factor that he computes it as a separate element 
of cost, thereby making for greater elasticity in obtaining all the 
information necessary to establish the selling price of a product. 
As idle capacity is not part of distribution cost, the author will 
not attempt to describe the method of applying it to the cost 
of the products manufactured by Waitt and Bond, Inc. However, 
it is included in Tables 5 and 6 showing the standard and actual 
costs, and the standard and actual forecasted earnings of the 
company. Distributors’ advertising costs and earnings are given 


in Table 7. The distributors’ costs in percentages are given in 
Table 8. 


SELLING Prick MAKING 


When business is in the depressed state that we have experi- 
enced for several years, even the most accurate of cost computa- 
tions and sales forecasting should not be relied upon too implicitly 
for the purpose of establishing selling prices. The costs of the 


various products of the United States Steel Corporation when its 
plants are operating at 15 per cent of normal capacity must be 
so excessive that very little of the available business could be 
secured if selling prices were based on such costs. The advertising 
and sales-promotional expense of an article reliant on publicity 
for its consumption and use might very conceivably be so great 
during such times that any attempt to establish a sales price, 
based upon a costing which included these full advertising and 
promotional expenses would result in a price far greater than the 
traffic would bear. In such a case, should the manufacturer 
eliminate his advertising as something he cannot afford to do and 
thereby have a sales price that has a chance of getting some busi- 
ness or should he continue publicity work which results in a final 
cost that will be in excess of his sales price? The author believes 
that in such a case the farsighted business man will continue at 
least the minimum amount of marketing expense that he believes 
his product must have, regardless of the effect of a decreased 
sales volume on the marketing expense cost per unit. The author 
is of the opinion that experiences during the depression will 
result in a realization of the necessity for creating a reserve, set 
aside out of the earnings of profitable years, so that a broad 
business policy may be maintained even when we are in the 
valleys of the business curve. It would seem, therefore, that a 
well-organized business will have not only its factory idle capacity 
to consider, but also its idle selling effort, during that period when 
many of its customers do not have the money to buy, but should 
be constantly reminded of the product so that they will buy 
when business increases again. The author wishes to make it 
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TABLE 7 DISTRIBUTORS’ ADVERTISING COSTS AND EARNINGS, 1935 


Sales units, 

1000 cigars Net sales 
per unit value 

ABC Co. 4,700,000 $239,264 
DEF Co, 12,650,000 678,656 
GHJ Co. 7,840,000 406,068 
KLM Co. 4,075,000 160,971 
NOP Co. 4,650,000 236,667 
XY Z Co. 14,425,000 794,444 
Totals 192,000,000 $10,895,200 


) @ Values used in table are hypothetical. 


b Represents loss. 


TABLE 8 DISTRIBUTORS’ COSTS IN PERCENTAGES, 1935? 


Direct 
Net Mfg. selling 
sales, costs, cost, 
% % % 
ABC Co. 100 77.06 6.45 
DEF Co. 100 79.47 3.92 
GHJ Co. 100 79.13 5.46 
KLM Co. 100 79.26 8.34 
} NOP Co. 100 81.18 4.44 
X Y Z Co. 


78.11 


@ Values used in this table are hypothetical. 
b Represents loss. 


-) clear that costs, to be useful, must be computed in a manner 


) that will be of assistance in establishing selling prices. Costs 
figured on the basis of a production, using only 20 per cent of 
plant capacity or covering full publicity costs, during a period 
when sales expectancy is at a low level, may be splendid from the 
standpoint of statistical information, but are of little value to 
management in planning and devising ways and means for acquir- 
ing all the business ‘obtainable. The businesses which will weather 


—— Advertising —Net profit or loss—— 
Net sales, Net sales, 
Expenditure % Amount % 
$19,500 8.15 $11,006 4.60 
36,851 5.43 48,728 7.18 
25,095 6.18 21,928 5.40 
17,578 10.92 2,9785 1.85 
19,951 8.43 5,183 2.19 
25,025 3.15 67,289 8.47 
$753,460 6.92 $588,341 5.40 
Transpor- Other Net 
Advertising, tation, charges, profit, 
% 0 0 0 
8.15 0.91 2.83 4.60 
5.43 0.82 3.18 7.18 
6.18 0.76 3.07 5.40 
10.92 0.08 3.25 1,856 
8.43 0.62 3.14 2.19 
2.91 


8.47 


depressed times to best advantage are those which have had 
a broad enough business policy and sufficient foresight in the 
past to keep substantial surpluses in their business so that 
charges to profit and loss covering idle capacity and excess 
promotional costs will not wreck their financial position. They 
will be permitted to get whatever business 7s obtainable be- 
cause their prices will not be out of line with prevailing con- 
ditions. 
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Automatic Regulators, Their Vheory 


and Application 


By ED S. SMITH, JR.,1 PROVIDENCE, R. I. 


The essential elements and characteristics of automatic 
regulators are considered in the present somewhat ele- 
mentary paper which is intended to stimulate activity 
leading toward an A.S.M.E. research report. Attention 
is directed to the technical material in the paper rather 
than the terminology. 

Sensitivity, speed, power, and stability are pertinent 
variables of automatic regulators. Their relations are 
mathematically treated herein. While it has been neces- 
sary to state a few definitions for clarity of treatment, 
such definitions are not offered as being universally ap- 
plicable since different fields are accustomed to different 
terminologies. 

An automatic regulator for a variable consists of a 
meter responsive to the variable, a controller for altering 
the variable, and governing means connecting the meter 
and controller to regulate the variable in a predetermined 
manner. These terms are used in a descriptive sense. 

Since hunting generally results from a lag either of the 
variable (storage or process lag) or the response of the 
meter to changes of the variable (metering response lag), 
stability requires that the controller be properly damped, 
i.e., be made to approach gradually its proper position. 

In this general treatment, the hunting of regulators 
is considered simply as a more or less damped har- 
monic function of time. This analysis directly relates 
the performance of typical regulators with their equa- 
tions and, in particular, connects the stability of such 
regulators with their constants and those of the system 
controlled. 


PREFACE 


HISSOMEWHAT elementary treatment is offered for dis- 
4h cussion and to encourage the publication of papers by others, 
leading toward an A.S.M.E. research report upon typical 
classes of industrial regulators and their operating characteristics. 
Automatic regulators, already in wide industrial use, are of 
rapidly increasing importance in assisting the general supplanting 
of batch production by mass-production through the application 
of continuous processes. Without reflecting upon the work of any 
writer, it seems to the present author that this active art has 
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Twelve typical regulators and their characteristics are 
illustrated and briefly described. This is considerably 
fewer than the number of classes of regulators in common 
use. 

Since the governing means determines the mode of 
regulation, it forms the principal subject of the paper. 
Only enough consideration is given the other means asso- 
ciated therewith to establish such of their characteristics 
as affect the regulation. The present material was se- 
lected as illustrating a practical and useful approach to a 
subject which may appear needlessly involved. 

In one class of regulator (Class VII), the controller is 
prevented from overtraveling the meter even where con- 
siderable storage lag exists since the governing means 
comprises the following elements or their equivalents: 
A follow-up to prevent momentary swings; a dashpot to 
rapidly damp down such momentary swings as start due 
to sudden changes; and reset means to gradually restore 
the variable to the set point. 

The speed of stable controller operation possible with 
this Class VII regulator provides a useful basis of com- 
parison, in many applications, with other classes of regu- 
lators. Certain applications do not require nor justify the 
selection of such a complete regulator. While it may not 
be adequate for certain difficult services such as the auto- 
matic steering of large vessels, still it has had some use 
in industry. Class VII regulator has been given more 
space in the present treatment than possibly it deserves, 
because it serves to bring out the functions of the various 
elements involved. 


outstripped its literature. Would it not be desirable to have 
an A.S.M.E.-sponsored compact treatment, generally along the 
lines of the present fluid meter reports, where one unfamiliar 
with the art could find the gist of the subject simply stated? 
Such a report could describe the various typical classes of regu- 
lators and their characteristic performance, particularly in 
regard to stability. It is hoped that the discussion of the present 
paper will emphasize the desirability of actively starting work 
leading to the early publication of such a report, which should 
prove of immediate value in furthering the use of approved 
terms throughout industry and be of assistance in educational 
work in engineering. 

While clarity has required the definition of such terms as occur 
in the present paper, they are not offered for adoption. However, 
rather than follow a set of terms now in use in one particular 
industry, the author has attempted to keep to descriptive terms 
consistent with patent terminology in this art. In fact he has 
made an attempt to integrate the terminology generally used 
in the patent and trade literature as far as is consistent with 
their basic technical meanings. 

In several instances the terms used in the paper differ from 
those used most frequently by manufacturers of industrial 
regulators. ‘Regulation’ has been used herein to have a 
broader sense than “control.’’ This conforms to the usage in 
the A.S.M.E. Power Test Code, Series 1923, for Speed-Re- 
sponsive Governors. This choice was made with full knowledge 


291 


292 


of the fact that the controllers of today grew from the elementary 
regulators of pressure, etc. long familiar to engineers generally. 
Brevity and euphony both favor the more general use of the 
term “control” as opposed to “‘regulation.’’ The term ‘‘meter’’ 
has been descriptively used throughout this paper to define 
“means responsive to a variable.’’ Obviously, “meter” is not 
used here in its strictest sense. At the same time it seems pref- 
erable to the author to use this single descriptive word instead 
of the compound abstractions ‘‘primary element’’ or ‘sensitive 
element.’’ To point this particular approach, consider a head- 
type flow meter telemetrically transmitting flow rates to a distant 
receiver which has contacts for operating a valve affecting the 
flow rate. Here are three primary elements: Differential 
producer, telemetric transmitter, and contact means. There 
are also three secondary elements, differential responsive 
means, telemetric receiver, and reversible motor-actuated control 
valve. Instead of suggesting the general use of standard terms, 
it seems preferable to attempt to set forth the subject matter of 
the present paper in a clear, descriptive and reasonably consistent 
terminology. The author urges that the publication of useful 
technical material be not delayed to await general agreement 
upon the subordinate matter of the terminology involved. 

In an effort to minimize the amount 
of contentious material in this paper and 
so increase its usefulness, it was circu- 
lated in early January, 1936, in prelimi- 
nary form for critical comments to the 
following representative users, indivi- 
duals, and manufacturers: Detroit Edi- 
son Co., Dow Chemical Co., Philadel- 
phia Electric Company, Standard Oil 
Company of New York; M. F. Béhar 
and R. Rimbach, editors of Instruments; 
The Barber-Colman Co., The Brown In- 
strument Company, The Foxboro Com- 
pany, Leeds and Northrup Company, 
Smoot Engineering Company (Division 
of Republic Flow Meters Company), and 
C. J. Tagliabue Manufacturing Com- 
pany. Grateful acknowledgment is made 
for such comments and expressions of interest. However, the 
author requests that any formal discussion be presented sepa- 
rately and openly; references, including patents will be par- 
ticularly welcome. 

Edgar R. Loud and Albert E. Mignone of the engineering 
department of Builders Iron Foundry assisted materially in the 
preparation of this paper. Donald J. Stewart of The Barber- 
Colman Company generously discussed the material from the 
heating and ventilating viewpoint. The aid and independent 
check by C. Owen Fairchild of the C. J. Tagliabue Manufacturing 
Company were particularly helpful. As a matter of record, this 
paper was started jointly with Albert F. Spitzglass, of the Smoot 
Engineering Company, whose arrangements, the author regrets, 
did not permit him to continue with the work on the paper. 


ScopE AND DEFINITIONS 


The scope of this paper is limited to the classes of automatic 
regulators in common industrial use and to their performance 
characteristics, e.g., flow rate, level, pressure, temperature, and 
speed. It is further limited mainly to the governing means 
common to such regulators. 

This paper is complemental to, rather than an extension of 
the A.S.M.E. Power Test Code, Series 1923, for speed-responsive 
governors. It includes only such associated material as contrib- 
utes to the clarification of that within the scope just men- 
tioned. 


RESERVOIR 
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However, the following definitions in this preliminary paper 
are not proposed for adoption. While hydraulic means shown 
in Fig. 1 have been used in the following text for con- 
venience of illustration, their mechanical, thermal, or electrical 
equivalents may be substituted in this analysis. ‘The general 
adoption of a consistent terminology should do much to lessen 
ambiguities of current usage. The regulator and its metering 
portion both have certain characteristics, e.g., sensitivity. 
Just as “efficiency,” properly qualified, enjoys wide use; so 
can “sensitivity,” properly qualified be used better than less 
descriptive words. 

An automatic regulator comprises a metering means responsive 
to a variable, controlling means for altering the value of this 
variable, and governing means connecting the meter and con- 
troller to regulate the variable in a predetermined manner. 

In a self-actuating regulator, the meter itself actuates the con- 
troller. This is known in water-filtration practice as a direct 
acting controller. However, the use of “‘direct acting’ has 
been avoided here, in view of its use and of “reverse acting” in 
another sense, in other fields. 

In a relay-type (pilot-type) regulator, the meter affects a pilot 
which governs supply of auxiliary power to actuate the controller. 


FOLLOWUP 


RESET SPRING 


CONTROLLER VALVE 
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Metering response lag expresses the delay of response of the 
meter to a change in the variable. 

Storage (process or capacity) lag expresses the delay of the 
effect of the regulator on a liquid level which, for example, 
occurs when a level variation results from changes in the 
relative rates of inflow to and outflow from a reservoir. 
The level responds in a delayed manner to changes of out- 
flow rate that require compensation, when it is the level that 
is regulated. 

Stable regulation exists when the controller progressively 
reduces the departure of the variable from its predetermined, 
or set, value. Hunting is an objectionably wide oscillation of 
the controlled variable resulting from a self-sustaining movement 
of the controller. 

A follow-up ties the position of the controller to that of the 
meter for each value of the variable controlled, generally pro- 
ducing stable regulation. This mode of regulation is variously 
known as proportional, modulating, or corresponding. 

A damping device (loose-linked dashpot shown herein) in 
the follow-up reduces the regulating band to a point with stable 
control where there is only small lag. This results in regulation 
in which the controller position is noncorresponding to that of 
the meter, which mode is also known as floating control. 

A reset spring, resiliently connecting the follow-up and the 
dashpot, stores energy to cause its damped end to pace the 
restoration of the variable to its set value at a rate consistent 


SS 
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with the storage lag of the system, the controller remaining 
quiet in the Class VII regulator as long as this restoration occurs 
in the proper manner. This produces asymptotic regulation, 
that is, the rate of restoration decreases as the set value is 
approached. 

Sensitivity is expressed by the insensitivity: The least difference 
between the values of the variable that causes the controller 
to move in one direction and then the opposite. Just as a meter’s 
accuracy is generally stated as being within a given percentage 


) error, so is the sensitivity defined by the dead zone within which 


a regulator is insensitive. 

Regulation is the difference between the minimum and maxi- 
mum values of the variable observed while the regulator is 
functioning under steady conditions. Regulation may be ex- 
pressed in percentage either of the arithmetical mean of these 
extreme values of the variable or the full scale of the meter. 
The regulation as defined previously expresses the overall per- 
formance of the regulator and is seen to be closely related to 
the sensitivity. 

The regulating range is the ratio of the maximum to the mini- 
mum value over which the regulation will be within given limits. 

The throttling, or operating range, as used herein is the difference 
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between the metered values of the variable required to send 
the controller to its extreme positions. This is ordinarily ex- 
pressed in percentage of the full scale of the meter. 

The speed of controlling may be indicated by the minimum 
time required for the controller to move from one extreme posi- 
tion to the other under the action of the regulator. 

The interval is the time required to reduce a departure to 
10 per cent of its value at the start of the interval. This defi- 
nition is borrowed from the demand-meter art. Its use here 
has proved more convenient than other terms for the purpose 
of the following analysis. Fig. 5 shows that the halving period, 
ie., time required to reduce a departure to 50 per cent of its 
initial value, is approximately 30 per cent (= 100 logio 2) of 
the previously defined reset interval. 


STABILITY 


Stability requires that any regular hunting action of the 
regulator, following a disturbance thereof, soon dies out. For 
convenience of mathematical analysis, such a hunting action 
may be generally expressed as a damped harmonic function 
(series in some cases) of time #, as 


EE icme COS OLE eons oo LL) 


the exponential (first) term representing the damping of the 
hunting motion expressed by the harmonic (second) term 
(see Fig. 2). 

The regulator is stable as long as a is positive. Its stability 
increases with the value of a, the relation being expressed by 
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the following decrement: The natural logarithm of the ratio 
of two successive hunting swings in the same direction 
0 1 Xo Xo — 11 


x 
Teear = log = 1 io haa 
: Og eis ae Zo 2] 


approximately, where 7’ is the period of a complete cycle, and 


« being the angular velocity in radians per second and 2 radians 
equals one complete cycle as a matter of kinetics. 

For example, when D equals unity, each successive movement 
of the regulator in a given direction is approximately 1/2 (actually 
1/2.7183) as much as the preceding movement in that direction, 
see Fig. 1, which shows the degree of approximation of the last 
term in Equation [2] for severe damping. 

Generally the stability is most satisfactory when a regulator 
damps its motion within approximately two cycles following 
any normally occurring disturbance, to within the limits of 
insensitivity, so that any further hunting is lost. The logarithmic 
decrement D for such a regulator must increase with the value 
of the normal maximum disturbance Az so that, taking the in- 

sensitivity and disturbance of the same sign and 
accepting the approximation of the last term of 
© Equation [2] 
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so that 
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Equation [6] shows that the value of a must in- 

crease with increasing values of w and Az and de- 

crease with increasing values of the insensitivity s and n the 

number of cycles before hunting ceases. It is seen that the 

positive value of a approaches zero in the limiting case where 

it takes an infinite number of cycles for hunting to die out. 

For use of ‘“insensitiveness” refer to the section on ‘‘Governors”’ 

in “Principles of Alternating-Current Machinery,” by TR LEY 

Lawrence, McGraw-Hill Book Company, New York, N. Y., sec- 
ond edition, 1921, pp. 367-369. 


and 


HUNTING 


Harmonic Motion. Before determining the relation of w to 
the elements forming the regulator, one may first consider the 
implications of the harmonic motion assumed. The equation 
of a point moving with harmonic motion is 
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The velocity of the point is 


dz 
oA SANS hes Coane © Oe ODE (8] 
and its acceleration is 
d? 
ee = . (—w sin wt) = —w? Coswt......-.-- (9] 


Thus Equations [9] and [7] may be combined and written 
simply as 

dx 

dt? 
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where there is continuous hunting of constant amplitude, Le. 
with an @ of zero. In other words, where Equation [10] is the 
equation of a regulator, there will be steady hunting of constant 
amplitude. 

Damped Harmonic Motion. A common class of regulator 
is shown in Fig. 3. This controls pressure to a point and damps 


A Common TyrE or REGULATOR 


Fie. 3 


out hunting. Taking a general case for an illustrative analysis, 
the numerical values of the various constants may be neglected. 
Also it may be assumed that the velocity of movement of the 
meter is negligibly small when compared with that of the con- 
troller. 

lti2..= 
x = pressure in the line at any moment, and z = 
meter at any moment, then 


pressure in the line when at the set control point, 
position of 


dz 3 
x — b — = pressure in cylinder, upward force with unity area 


dt 
Of Cylindenteras ee etetey 


dy : 
x, + c¢— = pressure in cylinder, downward force with unity area 


dt 
of cylinder........ {12] 


1 
z= 7 = speed of valve, depending upon the pilot position 


25 eee [13] 
2 dy 
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dt dt? a 
x = —ky = relation at any point............ [15] 
ax dy 
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dt dt He! 
From Equations [11], [12], and [15] and dropping datum x, 
dz dy 
—hk b ail Reeth) ot sitevete certs tyes: Tee vs 
a dt : dt [17] 
and from Equation [14] 
Re eee een 18 
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of which differential equation, one solution is? 


—at 


Y = Yoe COS wot 


where 
G 


a= 


2b 


2 “Vibration Damping, Including the Case of Solid Friction,”’ by 
A. L. Kimball, Trans. A.S.M.E., vol. 51, part 1, 1929, paper APM- 
51-21, and discussion, pp. 227-236. 
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and 


This analysis is for the case where stability is obtained by 
damping that overcomes the effects of response lag in the meter 
and where there is no lag due to storage. 


DamrED Morion 


Consider the case where the rate input qi and the output q 
for a storage reservoir of area A must be equalized to maintain 
a given level, within limits, by controlling the input rate to 


equal that of the variable output rate. Then 
dz 
A= Qa ee eee 20 
dt n qe [20] 
or 
dz un qo 
SS te ea eee ee 21 
dt A A [21] 


Starting with any balanced condition, then for Aq change of 
input rate 


G1 Ahi gt ee ee (23] 
and 
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With a sudden increase Ag: of the output rate gz, the resulting 
departure of level Az and the behavior of the valve, especially 
as to hunting, are of consequence and as below: 

The level immediately begins to drop at the rate 


Cage Bisel 


assuming that changes in level do not themselves appreciably 
affect the rate of outflow q. 

The throttling range of the regulator is such that with an 
increase of level of x,/2 the input valve will be closed, or y = 0, 
and with a decrease of x,/2 the input valve will be wide open, 
or y = 1, ora total of —z, for unity change of y. 

If the control valve alters its position to continuously corre- 
spond with changes in level, i.e., no metering response lag, then 


there can be no surge, the valve and level changes, respectively, 
being ultimately, when 


Aq = Aq 
and from Equations [24] and [26] 
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ow. 


This relation exists where the input 


At the limit 


‘valve is directly actuated by a float 
in the reservoir. 

From Equations [25] and [28], at 
os) 


or, measuring level «’ from its final 
value, then at t = 0 


’ Che Neen o. [32] 
and 
dx’ k = 
ie za’ = —a’z’.. [83] o- ox 
} dt Aes 
where 
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In familiar language, the rate of change of level x’ decreases 
as x’ approaches its final value of zero. Separating variables 


and integrating, the asymptotic return curve’s relation is (see 
Figs. 4 and 5) 


logac a_i are ere ne. 136] 
and obtaining the constants of integration at t = 0 
A a INR ee [37] 


Thus no hunting can exist in this case. Consequently this 
asymptotic relation is preferably used by any reset means in 
pacing the return of the controlled variable back to its set value. 


CLASSIFICATION OF REGULATORS 


General. This classification discusses typical industrial 
regulators, including several classes added to assist in an orderly 
presentation. The classification is according to the functional 
relations of the elements in their various regulating combinations. 
A cursory attempt has been made to present the equation for 
each class. These equations can be better stated, providing 
the preliminary discussions of this paper appear to justify this 
further effort. A hydraulic embodiment of each class is illus- 
trated in Figs. 6 to 17, inclusive, in which, as shown in Fig. 6, 
the elevation x of liquid in a reservoir is the quantity regulated 
by the displacement y of the controller (valve). The perform- 
ance characteristic of each class is shown by a graph beneath 
each figure, the abscissa being time ¢ and the ordinates are, re- 
spectively, x for the variable and y for the displacement of the 
controller (valve). Experience of the author has shown that the 
phase relation of x to y is most clearly brought out by so plotting 
y that a change of x produces a resultant change of y in the 
same direction; this being accomplished in the present instance 
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by plotting the valve’s closed position (y = 0) at the top and 
its wide-open position at the bottom of the graph. The line 
is solid for z and dotted for y. Similarly, the sign of y has also 
been loosely used in the following equations in several instances. 
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Fie. 5 AsymprotTic RetuRN CURVES FOR VARIOUS VALUES OF a 


Some blank charts have been added to encourage improvements 
by discussers. 

Class I. Self-Actuating, Noncorresponding. (Potnt Control, 
One Type of Floating Regulator, Algebraic Difference.) In this 
type of regulator, shown in Fig. 6, the position of the controller 
(valve) does not correspond with the metered value of the 
variable, i.e., the valve can be in any position from closed to 
wide open with the meter at the control point set. The con- 
troller moves in an opening direction as long as the metered 
value is negative with respect to the control point (and closing 
when positive); in other words, the controller operates essen- 
tially according to the algebraic difference between the metered 
value and that set. Where there is much throttling 6, the 
controller may move from one extreme position to the other, 
instead of stopping at the proper position. 

The equation, assuming negligible throttling b is 


ai pi 
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No hunting will exist, since the valve stops immediately upon 


reaching the proper position. The slight humps in the curves 
just before x reaches its set value x, are due to the inertia of the 
valve mechanism. This slight tendency to oscillate is soon 
damped out by even slight friction to bring the valve practically 
to its proper position. 
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Fie. 6 Cuass I ReGuLatTor 
(Floating type, self-actuating, noncorresponding.) 


Where the throttling b is appreciable, the equation is 


dy = f{% —2,— b(dy/di)" |... =. 5. 

di 
the last term representing the fluid friction in the metering 
connection. Exponent n is 1 for viscous flows and approxi- 
mately 2 for turbulent flows. In Equation [39] the energy 
of the liquid in the connecting line is neglected. 

Starting with a low level and the valve wide open, the graphs 
show that the valve does not start to move until after the value 
of z has passed z,. With throttling b present, it is apparent that 
the motion of the valve is more gradual than when throttling 
is not appreciable, since the metermg lag directly affects the 
speed of valve travel. The valve starts to open at A. When 
the valve finally reaches its proper position at B, the level has 
exceeded its proper value x,. Then the valve closes until the 
level reaches its set value at C. However, the valve is then too 
far closed so that it reopens, reaching its proper value at D, 
at which time the level is too low. This is obviously a phase 
hunting which will continue indefinitely and to an extent de- 
pending upon the relative values of the time lag and the speed 
of valve travel. In the extreme case of large time lag, this de- 
generates into a regulating action in which the valve reaches 
its extreme positions before a tendency to reverse is felt. The 
lower graph shows that satisfactory control exists when the 
metering lag is small enough. In this case, mechanical friction 
absorbs the slight kinetic energy of the mechanism. 

Class II. Self-Actwating, Corresponding. (Band Control, 
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Proportional Control, Fixed Characteristic.) This class, dia- 
grammatically shown in Fig. 7, differs from Class I only in that 
the valve position corresponds to the amount of departure of 
the variable from its set mean value. The equation is 


As shown by the graphs in Fig. 7 this is an extremely stable 
mode of control. The valve stops at a position that varies 
with the then value of the variable. Even with quite large 
lag, the control will be stable. However, as in Class I, an 
excessively large metering lag must produce hunting. 


GAND CONTROL, Non-HUNTING 
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Fie. 7 Cuxuass II Reauiator 
(Proportional type, self-actuating, corresponding.) 


Class III. Pilot-Governed, Noncorresponding. (Another Type 
of Floating Regulator.) This type of regulator is shown in Fig. 8. 
As long as the metered rate is not precisely that set, the valve 
will move at a given rate dy/dt, assuming that the pilot ports 
are fully opened or closed in either direction by a small de- 


parture. The equation of this regulator is 
d vector (x — 2, 
Bi; cnpi UOPOR ar Se [41] 
dt scalar (x — x,) 


or any other equivalent equation in which the direction of motion 
depends only upon the algebraic sign of the departure. Another 
view of the characteristic of this control is obtained by noting 
that the valve movement y is related to the integrated durations 
of departures of x and regardless of their extents. 

This class of regulator hunts incessantly unless the rate of 
motion of the valve is very slow and there is enough lap on the 
pilot valve to permit normal flow variations without actuating 
the valve. This class is widely used for draft and pressure 
regulators. 

Class IV. Pilot-Governed, Corresponding. ‘This type of regu- 
lator, shown in Fig. 9, acts in a manner generally similar to 
Class III. With appreciable pilot lap there is a well-defined 


PROCESS INDUSTRIES PRO-58-4 297 


band within which flow variations will not produce hunting. 
By having this lap band slightly exceed the sensitivity of the 
meter, the control tends to be much less unstable than Class III 
which has no such definite band relation between rate and pilot 
Jposition. Assuming negligible pilot lap and metering lag, this 


regulator’s equation is essentially the same as that of Class III. 
Again the valve position may be related to the integrated dura- 


tions of departures regardless of their extents. 
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Fie. 8 Cuass III Reauiator 
(Pilot-governed, noncorresponding, another floating type.) 


Class IV regulator is also widely used for pressure regulators. 
(See F. N. Connet’s expired U. 8S. patent No. 863,264, patented 
August 13, 1907.) 

Class V. Pilot-Governed, Corresponding. In this regulator, 


Fig. 10, the meter and valve are tied together by a follow-up 


link having a fulcrum attached to the pilot so that for each 
meter position there will be a corresponding valve position. 
This strongly discourages overtravel of the valve and so pro- 
duces an inherently stable mode of regulation. Equation [40] 
is the equation of Class V regulator, which is also the Equation 
of the corresponding regulators of Class IT. 

Since the width of band can be narrowed surprisingly without 
excessive hunting due to the high stability of this mode of 
control, this class is commonly used wherever pilots are operated 
by accurate instruments. (See F. N. Connet’s level regulator, 
expired U.S. patent No. 987,048, patented March 11, 1911.) 

Class VI. Pilot-Governed, Follow-Up With Dashpot. By 
adding a free-piston dashpot to the follow-up of Class V, as 
shown in Fig. 11, the controlling band is reduced to a point. At 
the same time, instantaneous stability is maintained since 
momentary correspondence exists between valve position and 
meter position so that the valve will not overtravel. Neglecting 
the metering lag, the equation of such a regulator is 


SMALL LAG LARGE LAG 
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Fia. 9 Cxuass IV REGULATOR 
(Pilot-governed, corresponding.) 
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Fie. 10 Crass VY REeGuLaTorR 
(Proportional type, pilot-governed, corresponding, follow-up.) 
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or since y = kx 
.. [43] 


Where the throttling b causes appreciable metering lag, the 
equation becomes of the following type 


peter) 


LARGE LAG 


Fie. 11 Crass VI REGULATOR 


(Mixed proportional and floating type, pilot-governed, noncorresponding, 
momentarily corresponding, follow-up, dashpot.) 


of which a solution, as noted previously, is the damped harmonic 
characteristic 


t 
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This Class VI is generally followed in the usual speed and 
pressure regulators; in other words, wherever accurate stable 
control is needed and where storage lag is not appreciable. 

Class VII. Pilot-Governed, Follow-Up With Dashpot and 
Storage-Lag Pacer. In this class regulator, shown in Fig. 12, 
the piston of the dashpot is mounted on the reset spring so that 
momentarily the stability is maintained as with Class VI while 
the energy stored therein gradually paces the meter back to the 
set point. Neglecting the last-stated equation for stability, 
the equation of restoration is 


which is like Equation [43] except for the different value of 
c, instead of c. 

This is the minimum regulator satisfactory where considerable 
storage lag exists along with lively outflow variations, which is 
often the case in modern industrial processes. 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


Comparison of Classes VI and VII is readily made where the 
level of a liquid reservoir, having a variable outflow, is to be 
maintained constant by controlling the rate of inflow according 
to the level. Class VI may be satisfactory as long as the rate 
of change of the outflow rate is low enough relative to the speed 
of the control valve so that this valve can control the input rate 
to equal the output rate and yet have the speed of the control 
valve slow enough (depending on the area of the liquid surface) 
so that the valve cannot seriously overswing. However, when 
the storage lag becomes very large, the speed of the control 
valve must be greatly reduced; in which case, the valve of a 
Class VI regulator can no longer keep up with lively fluctuations 
of outflow rate. Where lively fluctuations of outflow rate must 
be stably met, the Class VII regulator provides a rapidly moving 
valve that moves almost immediately to nearly its proper posi- 
tion, overtravel being prevented by the follow-up. The reset 
spring then more and more slowly moves the damped piston in 


Fig. 12 Crass VII Reautaror 
(Pilot-governed, Class VI regulator with storage-lag pacer.) 


its dashpot until it exerts no further effect upon the level setting. 
The Class VII regulator may loosely be said to have the means 
of Class VI for giving stability at each instant plus a reset spring 
for permitting quick response to severe surges, and taking care 
of the gradual effect of a large storage (or process) lag. In 
practice, Class VII permits the control-valve speed to be raised 
to a proper value and furthermore permits the dead zone to be 
greatly reduced without hunting. As will be seen later, while 
Class XII permits even more rapid control-valve action than 
does Class VII, the valve of Class XII first overswings its control 
point and then returns gradually (without hunting). This may 
be a disadvantage as compared with Class VII, in which the 
valve first moves rapidly to nearly its proper position and then 
gradually approaches it in the same direction. 

Class VIII. Self-Actuating, Integrating. With a displace- 
ment meter this class of regulator shown in Fig. 13 has a charac- 
teristic performance approaching that of the Class VIT regulator. 
Its equation is 


Ibs haf iedti a) =O ane ae lass. [47] 
where q is the metered rate of flow. Integrating 


(OY 10) s =H) aS cae era iE [48] 


where Q, and Q, are, respectively, the paced total at the set rate 
and the metered total, at any given time. This is a highly 
stable control that is not yet as widely used as its inherent 
simplicity and stability merits. 

-, Since the average rate is maintained constant in a nonhunting 
» manner, this class should be particularly useful in firing such 
units as oil stills. 


| 


COTTE 


DISPLACEMENT 
METER 


if 

I 

i Fie. 13 Cuass VIII ReaunatTor 
(Self-actuating, integrating.) 


Class IX. Pilot-Governed, Classes III and IV With Pressure- 
Compensated Controller, Integrating. In this class regulator, 
shown in Fig. 14, the reservoir level affects the meter which in 
turn operates the pilot. The piston of the actuator for the 
controller thus integrates the departures of the variable from 
its set rate and compresses a spring accordingly. The pressure 
in the input line acts on a diaphragm to oppose this spring. 
Assuming that the controller moves from its minimum to maxi- 
mum opening in such a short distance as not to appreciably 
alter the spring’s compression, the input rate is seen to depend 
upon the departures integrated as above. The action of this 
regulator is roughly according to Equation [47], but with the input 
pressure P; substituted for the valve position y so that 


This regulator is suited for accurate firing of an oil still, as 
is Class VIII, since it governs the input according to the average 
need. The pressure compensation is also advantageous where 
_ the supply pressure fluctuates considerably. It may be noted 
that this pressure compensation is not a true follow-up, as de- 

fined, since it does not coact with the meter itself. It further 
may be desirable, as in temperature control without hunting, 
to use a highly sensitive and accurate meter and after integrating 
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all of the minute departures provide a “‘loose-link’”’ so that the 
controller moves only when the accumulated departures reach 
a given value. 


Fuor LAP ASSUMED 
NEGLIG/ELE ) 


Fig. 14 Crass [IX ReGuLaTor 
(Pilot-governed, Class III regulator with pressure follow-up, integrating.) 


Class X. Pilot-Governed With Interrupter. In this class of 
regulator, shown in Fig. 15, the pilot desirably produces a pro- 
gressively slower motion of the controller as the meter approaches 
the set value. This may be provided, as shown, by cyclically 
interrupting the motion of the controller for durations increasing 
as the set value is approached. Another common way of achiev- 
ing this same end with hydraulic pilot valves is to adapt them 
to throttle the pilot stream so that it moves the controller more 
slowly as the set value is approached. This refinement con- 
siderably improves the performance of almost any pilot-governed 
regulator. 

This tapering-off principle is used in most industrial regu- 
lators. However, this is not the equivalent of a true damping 
action. By oppositely locating the rotating contacts, they may 
be given a slight overlap so that no band exists due to the equiva- 
lent of lap; however, a slight lap (dead zone) is generally pro- 
vided to minimize hunting. 

Class XI. Pilot-Governed, Class X With Slow Cyclical Oscilla- 
tion of Set Point. This class of regulator is shown in Fig. 16. 
Another class, in which the set point is continuously oscillated 
is the aggravational temperature regulator in wide use in house 
heating. In this class of regulator, the set point is cyclically 
oscillated slowly enough about its mean value to cause the heater 
to operate for durations varying with the room temperature. 
This class thus uses the interrupter principle of Class X. 

Class XII. Pilot-Governed, Phase Shift With Reversal at Control 
Point. This class of regulator is shown in Fig. 17. By introduc- 
ing a time lag in the response of the meter by throttling b’, a sepa- 
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Fie. 15 Crass X REGULATOR 
(Pilot governed with interruptor.) 


2 R.PH-- 


NVERAGE CONTROLLED 72 A PoInT 


Fie. 16 Crass XI REGULATOR 
(Pilot-governed, Class X regulator with slow oscillation of control point.) 


rate portion thereof, the momentary response of the meter is 
exaggerated so that the controller starts rapidly to make the 
appropriate correction. However, the effect of the departure 
persists in the delayed-action portion of the meter so that the 
net metering response is soon reversed thus bringing about an 
asymptotic restoration of the variable to the set point. Its 
equation is 


y = k(x — 2,) —kn f(x — 2, )dt........... (50) 


This principle is used in many and diverse forms of industrial 
regulators. It has the advantage of unequaled liveliness with 


stability. However, the controller moves a considerably greater 
distance than that of the standard Class VII, which may not be 
desirable, e.g., where sedimentation or other factors make it 
necessary to disturb the flow rate as little as possible consistent 
with the desired closeness of level regulation. 


Fie. 17 Cuass XII Reauiatror 
(Pilot-governed, phase shift with time lag to give reversal at control point.) 


Remarks. The classification given in this paper, like any 
other which is even moderately consistent, is not universally 
applicable. Thus, for aid in selecting a regulator suited to a 
given service, one would probably find a different classification 
of greater use. The classification given in this paper is pre- 
liminary and is not complete. For example, it should be ex- 
tended to include that useful class of regulation wherein the 
input and output rates are maintained in a proportion which 
depends upon the reservoir level. This mode may be illustrated 
simply by modifying the valve’s diaphragm of Class IX to be 
actuated by a differential pressure with the input pressure above 
and the output pressure below the diaphragm. Also, the 
analysis may well be extended to include safety valves and other 
pressure-relief valves. 

An attempt has been made in the classification given in this 


nih 


paper to make it apply to common industrial regulators in as 
useful and simple a manner as possible. 


CHARACTERISTICS OF REGULATOR ELEMENTS— 
} METERS 


A metering element, regardless of its nature, is suitable 
for controlling the value to which it responds, in so far 
as it has the following pertinent characteristics: (1) sensitivity, 
(2) accuracy, (3) speed of response, and (4) a definite law of 
‘changes of indication as the control point is departed from. The 
metering response lag for 1 per cent change of the variable in- 
creases with most types of meters as the set regulating value 
. is approached. Also some meters have much more response 
lag in some parts of the scale than others, for example, flow 
meters tend to be sluggish at low rates. 

' Flow Rate. The displacement type of fluid meter is geared 
- directly to the flow and so has no response lag, a considerable 
» advantage. The head-type flow meter used with a diaphragm 
has only slight response lag so that industry contains numerous 
examples of successful diaphragm-operated controllers. While 
‘the U-tube-manometer type of flow meter is slightly slower, 
this may have to be damped in conventional-type mercury 
manometers to eliminate surges due to the inertia of the heavy 
liquid. Even though theoretically this further increases the 
‘amount of compensating damping needed in the dashpot to 
offset the extra response lag thus introduced, actual experience 
shows that such throttling occasionally must be resorted to. 

The scale law of the square-root chart orifice meter puts a con- 

troller to a considerable disadvantage as regards range, relative 

to the more expensive design that gives even-rate spacing. Al- 

though generally impracticable, it may be observed that a 

logarithmic scale would be ideal in this respect where a true 

average value is unimportant. 

Pressure. Pressure controllers, either of the metallic dia- 

- phragm or Bourdon-tube type, are usually speedy enough in 

response to be satisfactory for controlling. However, con- 

trollers for the level of liquid in a reservoir sometimes use a large 

float in a well connected with the reservoir by a considerable 
_ length of small pipe. This combination is likely to introduce an 
+ excessive response lag that makes satisfactorily stable con- 
trolling difficult. 
| Temperature. The thermometer, whether of the thermo- 
couple, bimetallic-strip, liquid-, vapor-, or gas-bulb type, in 
the usual temperature controller should respond with reasonable 
promptness to changes in temperature relative to the storage lag. 
‘An occasional installation has such a small storage lag that the 
| response lag of a bimetallic type of thermometer may be exces- 
sive. In such cases, prompter acting types are used and some- 
times with means to circulate fluid past the thermometer. 

Cyclical Operation. A meter and controller cyclically operated 
(or intermittently operated) inherently has an excellent regu- 
lating characteristic in those cases in which it ascertains the 
then value of the variable, makes a controlling effort, and 
then waits long enough for this to affect both the variable and 
the resfonse of the meter to the variable (thus eliminating any 
tendency to hunt due to response lag) before again acting. 

t 


GovERNING M&ANS 


Since the governing means connecting the meter and the valve 
forms the principal topic of the theoretical portion of these notes, 
it is desirable to refer to the usual elements involved in the govern- 
ing means. 

Follow-Up. Various link and cam arrangements have been 
worked out to give the follow-up a properly graduated relation 
to the movement of the valve and so give uniform stabilizing 
action over the entire operating range. These refinements 
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are particularly required for controlling large hydraulic turbines 
where they drive a-c generators to maintain practically exact 
frequency. A common follow-up is by the use of pressure: 
For example (1) in gas-firing a boiler, the pressure of the gas to the 
burners is advantageously used as the follow-up; and (2) where 
there is danger of reaching an excessive furnace-temperature, 
either the meter. or follow-up may contain means to prevent 
this by including an auxiliary thermometer responsive to furnace 
temperature. This latter scheme is not to be confused with 
the use of a multiple thermocouple with a lagged element, which 
gives an exaggerated momentary response upon a change and 
an asymptotic restoration to the control point with a reversal 
of controlling impulse if it is approached too rapidly (see 
Class XII). 

Dashpot and Spring. The form of dashpot used to give sta- 
bility varies with the controlling medium: Piston-and-cylinder 
dashpot for large liquid-operated controllers; expansible-metal 
diaphragms with small liquid- and air-operated controllers; 
thermal and kinetic means for electrically operated controllers 
where appreciable response and storage lags exist. As brought 
out in the theoretical discussion of dashpots and their equivalents, 
an integrating means can be made to give a fair degree of sta- 
bility and have the definite advantage for some purposes of 
giving a true average value of the controlled variable in spite of 
the normal variations. 


ConTROLLERS 


While valves are used primarily for controlling the flow rate 
of fluids, this is generally for the purpose of controlling such 
items as temperature, pressure, level, or reagent concentration. 
They form a surprisingly large percentage of the controlling 
means used in industry today. At the same time, it is note- 
worthy that another commonly used controller is electrical, 
e.g., resistance automatically varied to regulate such items as 
temperatures, motor speed, a-c frequency or voltage. 

There is a general tendency to use valves which are too large. 
Loss when wide open is actually of less consequence than proper 
regulating with a partly closed valve. The butterfly valve, 
with a linkage giving it reduced motion when nearly closed, leads 
all competing nonproprietary forms of valves from the stand- 
point of a desirable controlling characteristic. For large sizes, 
the butterfly valve has no equal. See Fig. 18 for characteristics 
of typical valves. 

The gate valve gives low loss and so is suited for fair sizes. 
When nearly closed, its opening width should be narrowed. 

The common-type plug valve, cone-type in large sizes, is 
excellent as regards low loss but its performance when nearly 
closed is not as well suited for controlling as is that of the butter- 
fly unless a proper compensating linkage or cam is provided. 
On the other hand, the plug valve has the characteristic, always 
desirable from the standpoint of hydraulic engineering, of having 
a high ratio of area to perimeter of opening—this acts to eliminate 
uncertainty in the controlling relation with the accumulation of 
deposits, or erosion, with time. This design thus has minimum 
likelihood of jamming on solids strained out of the fluid carried 
in the main. 

In small sizes, hydraulically balanced piston valves with V- 
shaped openings, tapering to a narrow slot when nearly closed, 
are widely used. In intermediate sizes, this design gives way 
to the balanced poppet valve and in some designs the passages 
are streamlined to give a tapered-plug effect. In large sizes, 
this tapered-plug design is modified to the familiar Johnson 
valve with its single annular opening and its plug hydraulically 
balanced by a piston-and-cylinder valve. 

Where water hammer would result in long penstock lines 
from a sudden change in the position of the valve, an automatic 
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unloading by-pass valve or deflecting means may be provided 
to maintain the turbine speed within proper limits without 
damage to the hydraulic system. Excessive use of such by- 
passing arrangements may lower the average efficiency of opera- 
tion. In general, it is far better practice to provide a proper 
combination that utilizes the entire flow except, possibly, under 
emergency conditions. 
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Fie. 18 CHARACTERISTICS OF TYPICAL VALVES 


(Data from “A Treatise on Hydraulics,” by H. J. Hughes and A. T. Safford; 
The {Macmillan Co., New York, 1916; first edition 1911, reprinted 1912, 
1913, 1914, and 1916.) 


Valve Actuators. Valves with shafts rotating in stuffing 
boxes are generally preferred to those having longitudinally 
moving stems for industrial controllers, where this is consistent 
with the actuator used. 

Self-Actuating Controllers. There are many self-actuating 
controllers in use. These vary from elementary damper and 
level controllers, e.g., steam traps, to the large and precise rate- 
of-flow controllers in filtration plants. When the actuator is of 
adequate size, such controllers operate with unsurpassed speed 
and stability. Furthermore, their maintenance and operating 
expense is generally a minimum. 

With a self-actuating regulator, the effect of throttling on 
the meter is to slow down the valve as well, thus helping avoid 
the overtravel which would otherwise result from the slowing 
down of the meter. This helps the self-actuating type to out- 
perform the pilot type in regard to tendency to hunt. 

Pilot-Type Controllers. Actuators for valves, or other con- 
trolling means, are of widely differing types: Hydraulic piston- 
and-cylinder controllers, usually for liquid operation; dia- 
phragms, usually for air, steam or gas operation; and motor, 
solenoid and thermal means for electrical operation. 

The hydraulic cylinder acts to integrate the liquid impulses 
from its pilot valve in a direct manner. The gaseous-fluid dia- 
phragm may have a large change of effective area and spring 
tension which complicate the simple integration of pilot impulses. 
Further, such fluids are compressible and so the storage capacity 
of the pilot, diaphragm and connecting lines becomes a factor. 
Advantage may be taken of these characteristics in commercial 
controllers. The common, simple air-operated controller is 
typically adjusted to hunt slightly but continuously, while the 
common, simple hydraulically operated controller usually 
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settles somewhat sluggishly to a locked-in position; of course, 
these observations need not apply to improved systems which 
have adequate stabilizing means, with ample sensitivity, speed 
of response and power. The simple solenoid and simple motor 
types of electrically operated controllers generally produce an 
incessant operation of the valve, unless provided with follow-up 
means. The thermo-electrical operating means generally gives 
a fairly steady but slowly oscillating movement of the valve. 
It is of secondary interest as to whether or not the valve hunts 
continuously or remains quiet as long as the controlled variable 
is nearly at its proper value, there being probably more off-on 
regulators in service than all other classes together. This oscilla- 
tion of a controller valve around its proper controlling position 
should be distinguished from the serious hunting set up where 
lag causes the controlled variable itself to oscillate widely. In 
other words, it is generally essential that the controlled variable 
does not hunt widely but it may be unimportant that the means 
controlling the variable has a continuously oscillating motion. 


CoNCLUSION 

While different classes of regulators are best suited for different 
services and purposes, any asymptotic return regulator is the 
minimum that can give stable control to a point with reasonably 
prompt action. However, for many services, such a stable 
controller would be uneconomical; a sluggish or slightly hunting, 
but cheaper, controller being far better than no controller at all. 
This is true of many draft, damper, level, pressure, and simple 
temperature controllers. 

In cases where it is desirable only that a certain maximum 
value not be exceeded, the use of any regulator having a point 
characteristic is likely to be acceptable, even though the con- 
troller hunt appreciably. Again, for firing stills and boilers, it 
may be less desirable to control precisely to a point than to have 
the average value of feeding fuel, for example, maintained in 
constant ratio to the average rate of feeding water to the boiler. 
In such cases, it is logical to use an integrating instead of dashpot 
means to bring the valve to a stop before it overtravels, since 
this gives a true average value and is only slightly slower in 
action for a given degree of stability than the dashpot means. 
However, where the controlling action must be lively and with- 
out hunting, either Class VII or XII controllers usually will be 
satisfactory when their speed, range, and damping are properly 
balanced, which is not a difficult job. 

There is generally considerable advantage to a user in being 
able to readily adjust the constants of the individual regulator 
to suit the particular installation on which it is then used. It is 
seldom that the pertinent data affecting the performance of a 
regulator are available at the time of ordering it, or even when 
putting it in service. Consequently, the regulator’s flexibility 
and usefulness is in general increased if it is provided with con- 
veniently accessible adjusting means. It is particularly im- 
portant that such adjustments can be made without interfering 
with the action of the regulator in any way. 

Another sometimes important or even vital point is the ease 
of changeover from manual to automatic control and vice versa. 
It is generally ideal to have such an arrangement in which the 
operator can take over the control at any time and yet have the 
controller function reliably under any conditions which may arise 
when starting up or shutting down the controlled process— 
times when the operator is likely to be far busier than when the 
process has steadied down at the control point. 

Again, the action of controllers under emergency conditions 
must be considered. For example, with a power failure it may 
be desirable for a controller valve to do one of three things: 
Remain in its last-set position, open wide, or close shut, depending 
upon the requirements of the installation. 
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A principal factor in the economic operation of modern process 
plants is generally the rational balancing of automatic and 
manual control. Except for test periods when an unusually 
well-trained personnel is available, it is found that automatic 
control is more accurate and, on the average, more consistent 
than manual control. However, where an operator must be 
on the job anyhow and accurate control produces no savings 
over that maintained by the average operator, there may be 
no point in tying up capital in an automatic regulator. Where 
a question exists, it is generally advisable to install a chart re- 
corder giving a continuous record, day in and day out, for a 
reasonable period before deciding the matter. Z 

Maintenance and operating costs for automatic controllers 
are in most cases more important than first cost, including that 
of installing and adjusting the controller. Air-operated con- 
trollers can be compared with hydraulically and electrically 
operated controllers only on this basis. The first cost of the 
controller alone is not sufficient for a fair comparison. It should 
also be kept in mind that steam, air, water and oil lines cannot 
be successfully strung around like electrical supply wires without 
regard to depressions and summits causing traps which may 
jeopardize the reliability of controlling. 

When the power supply fails, the valve of an electrical motor- 
actuated regulator generally remains in its last-set controlling 
position. It is also desirable to have a hand wheel attached to 
the valve so that it then can be moved manually, without re- 
quiring any other operation. An advantage of the electrical 
type of controller is its flexibility of installation and ease of re- 
mote setting and recording of the value controlled. Experience 
in oil refineries with temperature controllers has brought out 
the fact that when the electrical supply fails, the still operator 
is without most of his instruments and there is usually little 
point in operating blindly very long. In other words, when the 
power fails, it does not matter greatly if the controllers fail to move. 
Their stopping in their last-set position is generally desirable. 

As noted in the preface, this paper has been prepared primarily 
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to stimulate activity leading to an A.S.M.E.-sponsored research 
report crystallizing the varied terminology of the present and 
thus facilitating the understanding of this intriguing art. The 
author hopes that the discussion of this paper will emphasize 
the desirability for some A.S.M.E.-sponsored publication along 
these lines. The purpose of the paper will have been adequately 
fulfilled if it leads to the formation of an active group which will 
proceed to encourage the early publication of further work on 
this subject. 
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The Uniform-Section Disk Spring 


By J. O. ALMEN! anp A. LASZLO,? DETROIT, MICH. 


The authors point out in this paper that initially coned 
annular-disk springs of uniform cross section may be 
proportioned to give a wide variety of load-deflection 
curves not readily obtainable with the more conventional 
forms of springs, and that, although the versatility of this 
type spring has long been indicated, the formulas avail- 
able have not been presented in a manner to disclose 
readily the effect of spring proportions on characteristics. 
Therefore the authors have derived the formulas presented 
in this paper with the intention that the formulas will aid 
the designer in arriving at suitable characteristics by 
choice of spring geometry. These new formulas have 
been in use for several years at the General Motors Cor- 
poration research laboratories section, and their re- 
liability has been checked by tests of springs used in a 
variety of special test equipment. 


initially coned, annular-disk spring of uniform cross section 

may be proportioned to give a wide variety of load-deflection 
characteristics not readily obtainable with the more conventional 
forms of springs. By the simple expedient of varying the free 
cone height and the working range of deflections, spring rates 
may be varied from positive to zero to negative. The load- 
capacity and deflection range may be varied by the use of multiple 
springs arranged in series and/or parallel. 

The versatility of the annular-disk spring has long been in- 
dicated. However, the formulas heretofore available have not 
been presented in a manner to disclose readily the effect of spring 
proportions on characteristics. Hence the designer could not 
make full use of this type of spring. 

In this paper, it has been attempted to present formulas in a 
manner to aid the designer in arriving at suitable characteristics 
by choice of spring geometry. These new formulas have been 
in use for several years at the General Motors Corporation 
research laboratories section, and their reliability has been 
checked by tests of springs used in a variety of special test 
equipment. Experience has covered springs varying in outside 
diameter from 1 in. to 12 in., springs with ratios of outside to 
inside diameter from 1.4 to 5.5, and springs with ratios of free 
cone height to thickness giving practically the full range of 


[ ADDITION to compactness along the axis of loading, the 


1 Head of the Dynamics Department, General Motors Corporation 
research laboratories section. Mr. Almen received his training in 
Washington State College. For several years he was engaged in the 
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cal University of Budapest, having taken the mechanical engineering 
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Motor Company until 1931 when he joined the Research Laboratories 
of the General Motors Corporation. 
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characteristics plotted in Fig. 3. The present formulas are 
shown to be reliable for prediction of load-deflection curves. 
Lack of information on true stresses does not detract from their 
utility. Computed permissible maximum stresses for static 
loading are quite high, in the neighborhood of 220,000 lb per 
sq in., but experience indicates that these values may be used 
for design purposes when using plain carbon steel. In dynamic 
applications, fatigue tests are required. 

Fig. 1 shows the type of load-deflection curve given by the 
diaphragm spring found in the ordinary oil can. It will be 
recalled that, as the oil-can bottom is deflected, we must at first 
exert considerable pressure and that, subsequently, the pressure 
required decreases in a manner similar to that shown in Fig. 1. 


Load 


Deflection 


Fig. 1 Generat SHarp or A Disx-Sprina Loap-D»FLEcTION 
Curve Havine A VARIABLE SPRING RATE 


Fig. 2 ANNULAR-Disk SPRING 


We will find occasionally a damaged oil can in which the bottom 
fails to come back. This will happen when the negative-rate 
portion of the load-deflection curve extends into the region of 
negative load as indicated by the broken-line curve. In this 
case, the diaphragm will be stable in the position indicated by 
the letter B as well as at the point O. 

Our present interest is, however, in the annular-disk spring 
of the type shown in Fig. 2. Assuming first that angular de- 
flection of the cross section is relatively small, second that the 
cross section remains undistorted in the deflected position, and 
third that loading and support are uniformly distributed around 
the respective circumferences, we obtain the following formulas 
for dished springs. 

The formula for the load is 
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The maximum stress in the upper edge is 
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The maximum stress in the lower edge is 
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where a = outside radius = half outside diameter, ¢ = thickness, 
h = free height = height of truncated cone formed by the upper 
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or lower surface, 6 = axial deflection, H = modulus of elasticity, 
= Poisson’s ratio, M, Ci, C: = constants given in a function 
of outside-diameter-inside-diameter ratios. The values of these 
constants are given in Fig. 18. 
The derivation of these approximate formulas and the manner 
in which they are used is discussed in detail in Appendixes 1 and 2. 


Loap-DEFLECTION CHARACTERISTICS 


Fig. 3 shows load-deflection curves calculated for a series of 
springs haying the same diameter and thickness but varying 
in initial cone height h. 

That these theoretical characteristics are obtainable in prac- 
tice is shown by Figs. 4 to 7, inclusive, which cover outside 
diameters from 1 in. to 12/, in.; outside-diameter-inside- 
diameter ratios from 1.7 to 4.25; and cone height-thickness 
ratios from 0 to 2.5. The agreement between theory and test 
is noteworthy. 
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In calculating the curves shown in Fig. 3, the load was assumed 
applied in the direction indicated. Another group of curves 
can be obtained from the same springs by applying the load in 
the opposite direction, as shown, for example, in Fig. 8. 

Springs having load-deflection curves of the type h = 0.141 in. 
shown in Fig. 3 and the lower curve in Fig. 8, are often very 
useful inasmuch as they have a deflection range in which the 
load changes only very slightly, that is, a deflection range of 
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low spring rate. This type curve is obtained when h is of the 
order of {+/2. By making h somewhat greater than {+/2, a 
region of slight negative rate is obtained, which increases the 
total deflection range of low spring rate. Where permissible, 
this is a useful expedient. When such low-rate springs are used, 
they permit fairly wide tolerances in the preload deflection 
without alteration of load. As discussed later in this paper, 
the actual load given by the spring may, if necessary, be readily 
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adjusted by alteration in the radial location of the support or 
point of loading. 

An example of a machine design using such low-rate disk 
springs is shown in Fig. 9, wherein a live tailstock center is 
shown equipped with two disk springs in parallel arranged to 
take the thrust load of the bearings. The springs have a de- 
flection range of 0.1 in. in which the load is practically constant, 
thus allowing for work expansion when long pieces are being 
machined without overloading the tailstock bearings. 

Fig. 10 shows how the load capacity may be varied without 
alterations of any kind to the spring but by variation in the 
point of load application. As a first approximation, the load 
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Fig. 9 Tamstrock CreNTER WITH Disk SPRINGS 


varies inversely as the length of the arm of the couple tending 
to rotate the cross section, and the deflection at the load varies 
directly as the length of the arm of the couple tending to rotate 
the cross section. The test curves shown in Fig. 10 show also 
the friction hysteresis loop resulting from the slight slip that 
occurs between the loading ring and the spring, and between 
the spring and the supporting ring, when these members are 
rigid. The width of the loop appears to bear no fixed relation 
to the load, as found also in other tests. Disk springs loaded 
in parallel have interspring friction, whereas springs loaded in 
series have friction at the loading and support points only. 
Hence, the amount of friction damping may be varied by a se- 
lection of series or parallel combinations. 

Fig. 11 shows load-deflection curves obtained by stacking 
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(The thickness of the spring has been varied to maintain a computed mari- 
mum stress of 200,000 Ib per sq in.) 
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several springs in a series-parallel combination. As predicted 
by theory, the deflection range of the single spring is tripled and 
the load capacity is doubled. 

The effect of the outside-diameter-inside-diameter ratios on 
the flexibility of disk springs is shown in Fig. 12. The curve 
in this figure considers an initially flat spring of given diameter 
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stressed to 200,000 lb per sq in. maximum under a 4000-lb load, 
the spring thickness being varied as shown to maintain these 
conditions. It will be seen that the maximum flexibility is 
obtained when the outside diameter is approximately twice the 
inside diameter. These are also approximately the proportions 
for best resiliency or the maximum ratio of energy storage to 
spring weight. The resiliency of uniform-section disk springs 
is somewhat lower than for most other forms of springs due to 
the nonuniform stress distribution. Somewhat better resiliency 
can be obtained from disk springs with radially tapered sections 
as shown by Brecht and Wahl? but the added resiliency of such 
springs is obtained at the expense of increased cost. As a rough 
approximation, it may be said that the uniform-section disk 
spring has a resiliency one half that of a coil spring. 


3“The Radially Tapered Disk Spring,’ by W. A. Brecht and A. 
M. Wahl, Trans. A.S.M.E., vol. 52, part 1, 1930, paper APM-57-4, 
pp. 45-55. 
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TANGENTIAL SrrRESsES IN ANNULAR-DISK SPRINGS 


True stresses in the annular-disk spring are unknown. How- 
ever, a background of experience is available which has estab- 
lished theoretical values which may be used for static loading. 
In dynamic applications, fatigue tests must be made. 

Fig. 13 shows calculated stress-deflection curves for the springs, 
the characteristics of which are shown in Fig. 3. The solid 
lines in Fig. 13 are calculated for the upper edge of the inner 
circumference and the dashed lines for the lower edge of the inner 
circumference. Usually it is sufficient to calculate the stresses 
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Fie. 15 Computep Stress DistrRIBUTION OvER THE WIDTH OF A 
Disk Spring. Spring or Fic. 14 Deruectep To FLAT PosiTION 


at the two edges of the inner diameter only since, except in 
special cases, the limiting stress occurs at one or the other of 
these locations. If we assume a maximum permissible stress 
of 200,000 lb per sq in., it will be noted that, for the spring 
proportions shown in Figs. 3 and 13, this stress is first reached 
in tension on the lower inner edge except for the spring having a 
free height of h = 0.350 in. which has a higher compressive stress 
at the upper inside edge between 0.3 in. and 0.6 in. deflection. 

In addition to the load-deflection curve, Fig. 14 shows a 
calculated stress-deflection curve for a so-called zero-rate spring 
(h = t+/2). These stress values are for the upper edge of the 
inside circumference. 

In Fig. 15, the diagram shows in qualitative manner the stress 
distribution across the radial width of the disk spring shown 
in Fig. 14 when deflected to the flat position. Note from Fig. 
15 that the upper surface is stressed in compression and that the 
maximum stress occurs at the edge of the inside diameter. The 
lower surface is stressed in tension but nowhere is the tension 
stress as great as the maximum compression stress on the upper 
surface. The stress in the central cone B-B is also shown, 
mainly to call attention to the fact that in springs of this type 
the central cone is not a neutral surface. The basis for the 
stress distribution as shown in Fig. 15 will be apparent from 
Fig. 17 and from Appendix 1 where the formulas are derived. 
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be a redistribution of stress due to localized yielding. 
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Fig. 16 shows the stress distribution across the thickness at 
the inner circumference for this same spring and for the same 
conditions as for Fig. 15. The stress at the upper and lower 
edges will, of course, be the same as for Fig. 15. The stress at 
intermediate points is represented by the line joining these 
extremes. 

It must be noted from Fig. 15 that the stress distribution 
for other springs will be different from that shown and will also 
be different for other deflections of the same spring as may be seen 


., from Fig. 13. 
In the practical design of disk springs, it is found that they 
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will function satisfactorily under static loading when operating 


under computed_stress as high as 200,000 to 220,000 lb per 
sq in. even though made from steel having a yield point of 
120,000 Ib per sq in. The apparent high stress capacity of 
disk springs may, in part, be due to shortcomings of the stress 
formula, due in turn to simplifying assumptions. These high 
values for computed stress are at the inner circumference. If 
it is assumed that the stress exceeds the yield point, there must 
Tf, when 
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loaded, the stress in the more highly stressed regions of the disk 
spring were redistributed as a result of yield, it follows that the 
unloaded spring will have residual stresses. This is substan- 
tiated by the fact that tests show a small initial loss in free cone 
height. The stress distribution, as shown by Figs. 15 and 16, 
suggests that important increase in fatigue life should result from 
careful rounding of the corners of disk springs. Limited test 
data support this view. 

The safe stress of disk springs will, of course, vary with the 
type of service. There are not sufficient data now available to 
fix stress limits for dynamic applications. The fatigue tests 
which have been run indicate that, for a moderate stress range, 
a computed maximum stress of 180,000 Ib per sq in. may be 
used. Only fatigue tests on actual springs can finally determine 
the true working limits. 


Appendix 1—Derivation of Formulas for Disk 
Springs 


The following nomenclature is used in deriving the formulas 
for disk springs: 


outer radius of disk 

= inner radius of disk 

= distance of neutral axis to center 

= a/b = outer radius/inner radius 

= initial cone angle of disk 

change of cone angle due to load P 

= axial load, uniformly applied around circumference 

= free height of disk, measured as the elevation of the 
truncated cone formed by either the upper or lower 
surface 

6 = axial deflection of disk 

E = modulus of elasticity, taken as 30,000,000 lb per sq in. 

S = maximum stress 

r = spring rate 

V = strain energy 

¢ = resilience : 

« = Poisson’s ratio, for steels = 0.3 

radial strain 

€« = tangential strain 

change of radial curvature 

k, = change of tangential curvature 

flexural rigidity 


GrnEeRAL CasE—INITIALLY ConED Disk SPRINGS 


The method‘ used follows in general that used by S. Timo- 
shenko® by assuming that the radial stresses are negligible and the 
cross section of the disk does not distort, but rather that it 
merely rotates about a neutral point O shown in Fig. 17. 

(a) Load and Deflection. Consider a sector dé of the disk in 
Fig. 17 and in it a strip dz at location x taking O as the origin. 
When the disk is deflected through an angle ¢, this strip moves 
into its position, indicated by dashed lines. The ensuing tan- 
gential strain may be analyzed as the resultant of a radial dis- 
placement dr and a rotation ¢. The first of these causes a uni- 
form strain throughout the thickness of the disk if one neglects 
the small variation in distance to the center of the disk at various 
points of the section. The second results in a tangential bending 
strain which is zero in the neutral surface and maximum at the 
upper and lower surfaces. The tangential stresses produced by 
these two components of the strain cause a radial moment 


4 A similar method was used by W. A. Brecht and A. M. Wahl in 
developing equations for radially tapered disk springs. See Trans. 
A.S.M.E., vol. 52, part 1, 1930, paper, APM-52-4, p. 65. 

5 “Strength of Materials,’ by S. Timoshenko, D. Van Nostrand 
Company, New York, N. Y., 1934, vol. 2, p. 527. 
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about point O which resists the moment created by the external 
forces. 

Calculating the tangential stress due to the radial displacement 
and first, we can write: 
The length of section dx before deflection 


l, = do [c— x cos 8] 
After deflection 
l, = dé [ce — x cos (8 — ¢)] 
The change in length 
l, —l, = do [—2x cos B (1 — cos v) + x sin B sin ¢] 
Substituting for small angles 
cos 8 = 1; sing = 8; 1—cos¢ = 2sin?¢ = 
h —k = dex (8 — ¢/2) 
and the tangential strain will be approximately 


sin g = ¢} 


Sal 


L—h 2¢(8—¢/2) 
a = 
; i Cz 
The tangential stress® 
S’, = il ae o? (eo a oe) 


Since it was assumed that the radial stresses are negligible, we 
can write 

Ee _ Exe (8—¢/2) 
i= Ge (1 —o?*) (¢—2) 


Sp = 
As a next step, we calculate the radial moment of the tangential 
forces in the section about point O. 
dM,’ = S,'tdxdéx sin (8 — ¢) 
Substituting sin (@ — ¢) = 8 — ¢ and also Equation [1] 


, _ Btdog (8 — ¢) (8 —¢/2) 2? dx 
Oh (1 — 0?) (c— 2) 


and integrating from z = c—a to = c — b, we get the inter- 
nal moment of the sector about O. 


_ Etdag (8 — ¢) (8 — ¢/2) 


1 — a? 


M,’ 


E (a2 — b?) — 2c (a — 5) 
cere? | g » 
c og 5 Speed | 


Calculating now the tangential stress due to the bending 
strain mentioned above, we can write the expression for the tan- 
gential bending moment per unit length.’ 


M, = D (ke a oki) 


This expression is positive as the change of curvature is posi- 
tive in the case of a conical shell decreasing its height. 
Bending in the radial section being neglected, we have for a 
section of length dx 
Et’ 
12 (1 — o?) 


The tangential curvature of the unloaded disk is approximately 


dM, = Dro dz = Kode 


sin 6 


Ci il 


6“A Treatise on the Mathematical Theory of Elasticity,” third 
edition, by A. E. H. Love, Cambridge University Press, London, 
England, p, 533. 

7 Ibid., 1290, p. 533. 
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and that of the deflected one 
sin (8 — ¢) 
c— 2 
Hence the change of curvature 
sin 8 — sin (8 — ¢) 
c—2z 


ko = 


Substituting sin 8 = 8 


sin (8 —¢) =8B—e¢ 


Hence the moment 
3 
dM. = Et® ¢ dx 
12 (1 — o?) (c— 2) 


Then the tangential stress at the surfaces 


, _6aM, Ee 15 
So” = = So as Aa 
dx (1 — o2) (ec — x) 2 
and at any point y distant from the neutral surface 
Ee 
S. i mee? free rey GEN ae Ce Gli 3 
2 f= C= [3a] 
The radial component of the moments dM, in sector d9 
16 Et3edo d 
dM, = 2dM,— = = z 
2 12 (1—o?) (e—2) 


Integrating for the whole sector from z = c —atoxr =c —b 


c—b 


Et%pdo de Etod9 
M,” = 2 Et dy YO 2 og eee 
12 (1 — o?) Ct 12 (1 — e@?) b 
c 


—a 


Summing the radial moments (Equations [2] and [4]) 
the total radial moment 


Evde §[1 
Maa tee ‘ =\(g? — 3) —22e (a8) 
fee 


/ . 
= og? | (6—¢) (e25)) + “tog St 


The value of c yet remains to be determined. This we get 
from the conditions of equilibrium on the sector, that the sum 
of all forces acting normal to the cross section must be equal to 
zero. Only stresses due to the radial displacement need be con- 
sidered, however, since those due to bending have no resultant 
tangential force at any section zx. 


c—b 
S,'tdx = 0 
c—a 


or substituting S.’ from Equation [1] 


cb 

di 
/ alt 
c— 2 
c—a 
from which we get 

a—b 

C=) dn, Bee {5] 
log - 


Substituting this into the moment equation 
pe We Ji (a — b)? 
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Edo 3 = Ww) 


1— <a? 


M, = a 
log — 


ia 
ane 
i i 


@—o(a—$)e+ fngs 
12 b 


. The external moment on sector dé equals 
P (a— b) do 
20 


This must equal the internal moment, hence 
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pe 


The value of M for various ratios of ———————_—_—__ 
inside diameter 


plotted in Fig. 18. 

(b) Mazimum Stress. The total tangential stress is the sum 
of its two components S,;’ and S,”. Adding Equations [1] and 
[3a] 


Ee g me 
@ —<) -—2(s S) + Y 


Its maximum value is reached at 


S=8,'+8," = 


or since 8 y 
n == 
: a—b 


E6 


4 l= 
~ (1—o?) (a— b)*|_\b 


a 
Substituting c = 


S 


I = 
8, 


Roos Es [ie 
~ (l1—o) a?| \ loga 


Let us call 


a) a w= (23-1) 6 AG 
log a Gi il log a a log @ 


and 
Gi Il a ches 6 2 ea. 
2 oI == I 2 aloe a log « 


6 aa 
where M = N = € 
a log a a 


1 2 
) from Equation [6] 
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Values of C, and C, are plotted against outside-diameter/ 
inside-diameter ratio in Fig. 18. 

If the maximum stress in the lower edge is sought, evidently 
— t/2 has to be substituted into 8 and the stress equation becomes 


E5 5 
ga Steele =) - cx | Sore 10] 


Both Equations [9] and [10] represent compressive stresses 
as long as the bracketed quantity is positive. Obviously, both 
can become negative at some deflection, in which case the stress is 
tension. 


Then 
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By equating Equations [9] and [10] it can be shown that the 
numerical value of the stress in the lower edge reaches that of 
the upper edge at a deflection 5 = 2h. It follows that at 6 < 2h 
deflections, Equation [9] has to be used representing compressive 
stress in the upper edge, while at 5 > 2 h deflections, Equation 
[10] will give the greater value giving the tension stress in the 
lower edge of the spring. 

Because in some cases the maximum working deflection is past 
the point where Equation [9] would give its greatest value, it is 
advisable in doubtful cases to plot the stress-deflection curve for 
both upper and lower inner edges of the spring. 

As seen, for instance, on the last curve A in Fig. 13, the com- 
pressive stress in the upper inner edge exceeds the maximum per- 
missible stress, say 200,000 Ib per sq in. at a deflection of 5 = 0.25 
in., whereas in the deflection range of 0.67 to 0.72 in. both Equa- 
tions [9] and |10] would give lower values than 200,000 lb per sq in. 
If the maximum working deflection is between the two limits men- 
tioned, the calculated stress value at that point would not indi- 
cate that the permissible stress limit has already been exceeded 
at a much smaller deflection. 

(c) Spring Rate. Differentiating Equation [7] gives an ex- 
pression for the spring rate at any point of the load-deflection 
curve. Designating spring rate by r, we have 


r it h?—3eh toate 11] 
= v oe Rene 
(1 — 0?) Ma? 2 : 


Equating the bracketed expression to zero, we can find the 
deflections at which the spring rate equals zero, i.e., where deflec- 
tion may be increased without change in load. 

These are 


ht 2¢? 
When 3g Th > te Ee Re tc [13] 


there will be two real values of 6 corresponding to maximum and 
minimum values of P and the spring rate is negative between 
them, Fig. 6. If h = ¢ +/2, a spring is obtained which has 
only one point where the rate is zero and that at a deflection 
8 = h, i.e., when the spring is flattened, Fig. 14. In cases where 
h < t +/2, the spring rate is always positive. 

If the condition for the so-called zero-rate spring 


RS BBS es ee se [14] 
is substituted into Equation [7], we get 
a ea ES cos ceeinkics [15] 
(1 — o?) Ma? 


which is the load carried by such a spring at the point of zero 


spring rate. The corresponding stress from Equation [9] 
24/2 E /2 
ee CA eee ee 
(1 — 0) Ma? ( eo th a) eS 


There is a further significant relationship. Considering Equa- 
tion [7], the load P may become zero if the bracketed quantity 
vanishes. Thus writing 


6 
(h — 8) (:—2):+e=0 


and solving for 6 
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h? é. 
If 7 2horh> tvs te. ae [18] 


then the load-deflection curve intersects the zero-load axis, that is, 
we have a buckling spring, one which would snap into a new posi- 


h 
tion once deflected beyond a certain point. If +/2 < A < V8 


we shall have a spring with negative spring rate, but one which 
will not buckle. 

(d) Initially Flat Disk Springs. The equations for initially 
flat springs can be derived by substituting h = 0 into those de- 
veloped for initially coned springs. Thus we have for the load 


E5 8? t 
= 3 
Ve a— sei +) BNE ete - [19] 
for the maximum stress 
Es 6 
a eed an cs) 1 Aenshct coe [20] 


which in this case is always tension in the lower inner edge of the 
spring. 
From Equation [19], the deflection can be expressed as 


ae PMa? 1—o? 
Et 8? 
1+ 0.5 7 
The rate becomes 
Et 3 
= = "52 §, [es eee {21} 
edo) =e +e) 

(e) Resilience of Disk Springs. The strain energy for 6 deflec- 


tion is 


V 


ll 
Po 
z 
8 


If we substitute into this P from Equation [7] and integrate, we 
have 


Es? 3\? . 
Sele) +e| Lae [23] 


The volume of the spring may be written as (a? — b*) rt = 
5 


y 


a? a t so the resilience or the strain energy per unit volume 


a 


E 8 a s\n 
19 = (1 — 04) Mat =) Gee +e] pa 


If the resilience for a given maximum permissible stress is sought, 
the corresponding value of 6 may be computed from Equations 
(9] or [10]. 


Appendix 2—Calculation of Disk Springs 


In1TIALLy Conep Disk SPRINGS 


When calculating disk springs with large deflections, the 
formulas given in Appendix 1 do not lend themselves to an easy 
evaluation of the dimensions. In most cases of practical cal- 
culation, the load, outside and inside diameters of the spring, 
the maximum permissible stress, and a general type of load- 
deflection curve are given which leaves the deflection, thickness, 
and free height to be calculated. 

Deflection Equation [7] does not lend itself to ready solution 


even when the thickness and free cone height are known as the 
equation is cubic; therefore, it is recommended that the following 
method of approach be employed. 

As, in most cases, a low spring rate is desirable, assume that 
the desired load is carried by the spring when it has its lowest 
rate, that is, when 6 = h, or when the spring is fattened. Equa- 
tion [7] then simplifies to 


Fj 


The ratio of h/t has to be assumed now, bearing in mind that 
- as shown in Appendix 1 if (h/t) < / 2 we get a spring with posi- 
_ tive, though variable, rate as shown in Fig. 5. If (h/t) = /2 
. the spring will have a point of zero rate as shown in Fig. 14. If 
| (h/t) > / 2 it will have a range of negative rate as shown in 
Fig. 6. Finally, if (h/t) > 1/3 it becomes a buckling spring. 
')The thickness and free height can now be computed and since 
5 = h, the deflection is also known. These values have to be 
substituted now in Equations [9] or [10] as explained in Appen- 
dix 1, and the maximum stress computed. If that is too high, 
a lower value for h/t has to be chosen meaning, of course, an 
increased spring rate in the flattened position. A few trial 
‘calculations are usually sufficient. 

If a low spring rate has to be maintained at the specified 
loading, four courses are open: (1) Change the outside-diameter- 
inside-diameter ratio so that it will lie between 1.6 and 2.4; 
(2) increase the outside diameter; (8) decrease the load on each 
spring by using two or more springs in parallel; and (4) increase 
deflection by using several springs in series. 

Example. Calculate a spring with the following data: Load 
P = 1000 lb, maximum permissible stress S = 200,000 lb per 
sq in., outside diameter 2a = 6 in., inside diameter 2b = 3 in. 
From Fig. 18, M = 0.69, Ci = 1.225, and C, = 1.38; also 
1—o? =0.9lifo = 0.3. 

Assuming that a zero rate is desirable when carrying the 

| specified load, we take h/t = 4/2, and so from Equation [25]. 


: ZOHO7-in, 
\/2E 1.414 X 30 X 108 fap 


h = 0.151 in. = 6 
| The maximum stress from Equation [9] 


vf) h 30 X 10° X 0.151 

8S SS See | Ge Cit} = = 1.22 

hy i ) 069 x9 x00 (7° 
X 0.076 + 1.88 X 0.107) = 198,000 lb per sq in. 


v ye —o?) Ma? | ee X 0.69 X 9 X 0.91 


Now the load-deflection curve can be plotted assuming various 
values of 5 and calculating P from Equation [7]. 


INITIALLY Fiat SPRINGS 


The procedure used for initially coned disk springs cannot 
be used when dealing with initially flat springs. In this case, 
the following method is applicable. Equations [19] and [20] 
for the calculation of load and minimum stress are 


: Es st 
P= 3 
see +e) 


Eb 5 
BS aiseh as (a2 ne cs) 


| Dividing the two equations and simplifying, we have 
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where A is a function of the ratio ¢/6 and a. 
Again, from Equation [19], we get 


po Na ay 
et ial lose, \e) | 
where 


The various values of A and B are plotted on a logarithmic scale 
against ¢/6 in Fig. 19. The procedure is that of trial and error. 


Value of the Constants Aand B” 


01 lll 
0.01 0.02 0.040060080.1 0.2 


O4 0.608 1.0 2.0 


2 » £_ Thickness 
PERS 6 Deflection 


Fie. 19 Constants FoR CaLcuLaTING IniT1ALLy Fuat Disk 
SPRINGS 


Assuming that the load, the maximum permissible stress, and out- 
side and inside diameters are given, we proceed by taking first an 
arbitrary value for the deflection 6 and calculate the value A from 
Equation [26]. The value of B on the same vertical scale can 
then be read off the curve given in Fig. 19, and substituted in 
Equation [27] which then gives a value for the load. If this is 
higher than the desired load, a smaller deflection has to be as- 
sumed and the process repeated. Vice versa, too small a load 
calls for an increase of 6. After several trials, one can usually 
obtain the desired load, then read from Fig. 19 the value ¢/é 
corresponding to the value of B used last. This gives all the 
relevant information. 

Example. Find thickness and deflection for a spring with the 
following data: Load P = 2000 lb, maximum permissible stress 
S = 200,000 lb per sq in., outside diameter 24 = 6 in., inside 
diameter 2b = 3 in. 

Then from Fig. 18 the load constant M = 0.69. 

Assume 6 = 0.4 in., then from Equation [26] 


200,000 
A = 04 4/—— =04 x10 =4 
\ 2000 mn 
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From Fig. 19, B = 0.21. Again, take 6 = 0.16. Then A = 1.6, B = 0.76 
From Equation [23] 
and 
Poe coals Cte 6000 1b 30 x 108 X 0.164 X 0.762 
Dee tes eee OMaee ame 
As asecond trial, take now = 0.2. Then A =2. B =0.55and 
If this is considered sufficiently close, we get t/5 = 0.64 from 
30 X 108 X 0.24 X 0.55? y 
P= as as Zen = 2570 lb Fig. 19 ort = 0.64 X 0.16 = 0.102 in. 


0.91 X 0.69 X 3? 


Discussion 


Progress Report on Cavitation Re- 
search at Massachusetts Institute 
of Technology’ 


J. M. Mousson.? The high-frequency apparatus referred to 
by the author to investigate the effects of cavitation deserves at- 
tention particularly because of its simplicity and economy of opera- 
tion. Recently another vibratory apparatus to study pitting has 
been developed by de Haller of the Aerodynamic Laboratory of 
the Swiss Federal Institute of Technology, Ziirich. This appa- 
ratus consists of a cylinder and apiston. The closed end of the 
cylinder is of conical shape. A small disk-shaped specimen 
forms the bottom of the cone. Water is admitted through a valve 
into the cylinder. The piston connected to an air hammer 
moves to and fro at moderate frequency causing water-hammer 
phenomena. The collapse of the fluid cavities is accelerated due 
, to the conical shape of the cylinder bottom and pitting is concen- 
trated on the specimen. 

Since small fluid quantities are required for vibratory appa- 
ratus of this type they may prove very helpful in obtaining further 
knowledge regarding the physical aspect of cavitation, such as the 
influence of vapor pressure, fluid density, and fluid viscosity. 
There is also great need for further study of the form of collapse, 
and the apparatus developed at M.I.T. may be particularly 
suited to obtain moving pictures of the collapse taken simultane- 
ously along three axes vertical to each other which has not been 
possible so far with test stands, using profiles of one type or other. 
Since fluid phenomena are three-dimensional, it is gratifying to 
see that further progress is possible along these lines. 

Although cavitation may be produced in a very pure form by 
the vibratory equipment under consideration, nevertheless there 
may be some doubt in regard to its suitability to determine the 
comparative resistance of materials used for construction as sug- 
gested by the author. The vibrating of the specimens at a high 
frequency may produce stress and even fatigue phenomena with- 
out having the specimens submerged in the fluid. 

With the specimen submerged, the stress application due to 
cavitation is superimposed upon the inherent stress due to vibra- 
tion which may cause a resultant stress altogether different from 
either of the two superimposed stress applications. If it were 
proved that the stress caused by both types of punishment are 
identical, for which there may be some doubt, we may conclude 
that the inherent stress application due to vibration will simply 
accelerate the stress originating from cavitation without changing 
the characteristics of the punishment. Since in each type of at- 
tack there is one corresponding and specific type of failure, it 
seems essential to guard against any undesirable effects inherent 
in the apparatus. Would it be possible to combine the features 
of the M.I.T. apparatus with that developed by de Haller? In 
doing so the air hammer would be replaced by the electrical vibra- 
tion equipment, and the specimen would rest stationary. 

In view of the short duration of the test, the M.I.T. apparatus 
may appear advantageous in reaching a conclusion. However, 
this shortness in duration may cause misleading results, as certain 


1 Published as paper HYD-57-11, by J. C. Hunsaker, in the Oc- 
tober, 1935, issue of the A.S.M.E. Transactions. 

2 Hydraulic Engineer, Safe Harbor Water Power Corporation, 
Baltimore, Md. 


physical and chemical phenomena may not fully develop, only 
partly develop, or not develop at all. Yet these phenomena may 
be of far-reaching importance with respect to failure due to cavi- 
tation under service conditions, where sufficient time is available 
for their development. For instance, corrosion is known to be 
conducive to cavitation as it roughens the surface and causes sub- 
sequent local pitting, but in the short time of exposure corrosion 
could not occur and corrosive material may be given a too high 
rating in comparison with noncorrosive materials. 

Similarly if we were to investigate an alloy which is subject to 
segregation or precipitation of some sort due to cold working, 
these phenomena could hardly take place in the limited time 
available. Let us assume that we are investigating the pitting 
resistance of a stainless 18-8 chrome nickel steel not stabilized by 
either titanium or columbium. Let us further assume a carbon 
content of about 0.15 per cent. Based on the results obtained on 
this material with the vibratory equipment we would most likely 
obtain the same rating as a stabilized 18-8 simply because in the 
former material carbide precipitation may not occur in the short 
time available. Under cold working over a sufficient period of 
time, precipitation will take place in the unstabilized material. 
Under service conditions materials are cold-worked due to cavi- 
tation over a long period of time and the writer has an actual case 
in mind where just these phenomena caused failure on an unsta- 
bilized 18-8 welding deposit on a Kaplan turbine, whereas the 
stabilized alloy proved satisfactory under identical service con- 
ditions. 

In course of precipitation chromium carbide is formed along the 
grain boundaries, and along the strain and slip bands. The latter 
will develop in this austenitic material, but time is necessary as 
chromium and carbon molecules must travel to the crystal boun- 
daries and the slip bands. Sufficient time is required particularly 
for the carbon molecules as they have to travel a greater distance 
due to the low carbon content of the solid solution and the high 
carbon content of the chromium carbide. 

Keeping alike all other conditions for the unstabilized and the 
stabilized 18-8 alloy, the precipitation of chromium carbide alone 
should cause a considerable difference in the rating as stress con- 
centrations will occur after its formation. Hence, there seems to 
be a definite limitation in accelerating tests. Beyond this limit 
the service conditions may not be reproduced sufficiently accu- 
rately, and misleading results are likely to be obtained. 

In addition, failure should be produced in the most pro- 
nounced way even for those materials showing the highest pitting- 
resistant characteristics. Actual failure and loss of material 
should take place in each case to guard against apparent similar 
ratings for good materials which actually are different and con- 
siderably longer test periods may be necessary than those men- 
tioned by the author. 

G. B. Kare.itrz.* The tests reported by the author open a 
promising avenue of material investigation. However, there are 
several points which must be interpreted properly. With a fre- 
quency of oscillation of 8500 cycles, and an estimated amplitude 
of 0.01 mm, the acceleration of the disk surface is of the order of 
2900 g. If the liquid at the disk is accelerated at this rate, the 
local pressure on the disk must be rather high. Comparing these 
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impacts with the standard impact-fatigue test where metals are 
Brinelled by a light ball falling repeatedly on the same point of 
the surface, from a height of but a few inches, one may wonder 
whether the destruction of the surface is not a purely mechanical 
impact effect. 

On the other hand, it is of interest to compare the effects of 
cavitation on metal surfaces with the well-known corrosive de- 
struction of polished metal surfaces subjected to vibratory rub- 
bing against each other. The appearance of this type of cor- 
rosion is very similar to cavitation effects. The corrosion is ap- 
parently the result of minute particles of metals being dislodged by 
the friction and violently attacked by air oxygen. The effect of 
the liquid on the disk surface may be of a similar nature, i.e., 
chemical to a large extent. This might explain why the heavy 
earbon-tetrachloride was observed to produce less destruction 
than water. True, the cement test pieces show also face de- 
struction, and it is difficult to suspect chemical action on cement. 

It is gratifying to learn that a series of modified experiments 
are contemplated which will, no doubt, throw more light on the 
physical phenomena taking place on the face of the vibrating 
disk, and confirm the contention that cavitation actually takes 
place in the liquid. 


K. J. Dz Junasz.4 With reference to the paper, the question 
was raised whether the erosion phenomena on the aluminum test 
pieces were due purely to the mechanical effect, or whether electri- 
cal or chemical phenomena also play a part in them. The ques- 
tion could be decided by putting pressure on the water which 
would tend to keep the water in contact with the test piece. If 
the acceleration due to the pressure exceeds the maximum value 
of the acceleration due to the vibration, there would be no sepa- 
ration between the test surface and the water, and, as a result, 
there would be no cavitation. Therefore, if under these circum- 
stances there should appear no erosion, this would constitute a 
proof that the erosion is due solely to the mechanical effect of 
cavitation. 

How was the amplitude of vibration of the test specimen meas- 
ured? In view of the high frequency and the extremely small 
value of the displacement, the measurement of it appears to be a 
rather difficult problem. 


F. G. Swirzer.® The appearance of the specimens subjected to 
cavitation is so similar to the phenomenon of pitting in gear 
teeth that there may be some common ground between them. 
If this is so, the problem may well be divided into two distinct 
fields. The first is hydraulic, and deals with the conditions under 
which cavitation occurs and the severity of the effect. The 
second is a materials problem, and deals with the problem of 
finding a material which will not pit under conditions of cavitation 
in hydraulic machinery. 


AutTHor’s CLOSURE 


Mr. Mousson’s suggestion of obtaining motion pictures of 
collapse is unfortunately beyond our present technique inasmuch 
as the vibration apparatus developed at M.I.T. produces cavita- 
tion at the rate of 8700 cycles per second. We cannot expect to 
get a series of pictures during one cycle. 

Mr. Mousson’s remarks pertaining to the need for time to 
permit certain chemical and physical processes to manifest them- 
selves form a valid criticism of any accelerated test. On the 
other hand, other variables must be eliminated before the effects 
of pure cavitation can be studied. The practical suitability of 
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given materials will depend not only on ac- 
celerated cavitation tests but also on corro- 
sion tests and other evidence and finally by 
service experience. Fatigue due to stresses 
produced by the high-frequency vibration 
should be negligible, especially on the face of 
the specimen where the cavitation occurs. 
The author has observed that vibration of a 
specimen in air for more than an hour did 
not produce any perceptible damage. 

Mr. Karelitz suspects that the damage done 
may be due to chemical action. It has been 
proved repeatedly on glass and other non- 
corrosive materials that the damage due to 


cavitation is largely of a mechanical nature. \\ 
Evaporation actually takes place during ‘y | Oi 
the tests, and as it is occurring it can be seen / gh ule, 
with the naked eye. A vapor bubble cover- a 5 ON 
ing the larger part of the face of the sample dt ] \\ 
can be observed and tiny bubbles of vapor ie il 


can be seen moving away from the face of 

the sample as shown diagrammatically in Fig. 1 of this discussion. 
Since the publication of the progress report, Dr. H. Peters has 

been able to measure the amplitude with a microscope and the 

frequency with a stroboscope. The observed half amplitude for 

the test was 0.04 mm at a frequency of 8700 cycles per second. 

This results in an acceleration of 12,300 times gravity. 


Progress in Cavitation Research at 
Princeton University’ 


C.F. Merriam.? I wish to express regret that while I was a 
guest of the authors at their laboratory, I was so absorbed by 
the many interesting demonstrations that I did not appreciate 
my duty to acquaint them fully with certain experiments, having 
bearing upon their work, which were performed by the Spannhakes 
and by Dr. Peters at the Massachusetts Institute of Technology. 
Any disagreement that I may have with their conclusions is the 
result of my own negligence, and it is, therefore, my desire to 
set right, as far as possible, any misunderstandings which may 
have resulted therefrom: 

In brief, the authors have shown by simple experiment that 
the basis for testing the cavitation characteristics of models is 
sound. In the main, they have succeeded admirably and the 
results do have practical value in showing that for present pur- 
poses, at least, the fundamental theory is correct. 

Special recognition must be taken, however, of the evidence 
shown in the authors’ own data, that there is an effect which per- 
sisted in greater or lesser degree in all the venturi tubes tested 
at M.I.T. This effect is so slight that the authors were justified, 
from the evidence at hand, in ascribing the apparent change in 
diffuser efficiency prior to the beginning of cavitation to the 
change in Reynolds’ number, as can be seen from Figs. 4 and 5 of 
the paper, but not in persisting in this view after the facts have 
been called to their attention. It is only the analysis of their 
data in the light of previous experience that would lead us to 
think otherwise. 

At M.L.T. the same behavior of pressure at points correspond- 
ing to the authors’ 1, pz, and ps could be produced even without 
change in Reynolds’ number, since in contrast to the apparatus 
at Princeton, the absolute pressures at various points could be 


1 Published as paper HYD-57-12, by L. F. Moody and A. E. Soren- 
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was reduced to about one fifth of an atmosphere. 


by 


_no longer a measure of the discharge. 
_M.I.T. experiments by the fact that the several pressure taps up- 
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varied without change in their differentials, and consequently 
without change in velocity or discharge. Therefore, we must 
look further for an explanation. 

The important fact, which could not be detected by the au- 
thors, since they had means of observing the pressure at but three 
points in their system, is that as cavitation is approached there 
is actually a change in flow conditions upstream from the throat. 
The result is that when this takes place the differential p, — p> is 
This was evident in the 


stream from the throat always maintained rigorously their theo- 


' retical mutual relation, whereas the tap at the throat would be- 


gin to depart from this relation as soon as the absolute pressure 
If we assume 
that the pressure differential between any upstream pair of pie- 


' zometer openings is proportional to the square of the discharge, 


then it follows that the differential between any upstream point 
and the throat ceases to be a measure of the discharge as soon as 
this change in relationship takes place. 

Unfortunately we do not have corresponding upstream pres- 
sures at various points for the experiments at Princeton, but an 
analysis of the data shows clearly that until cavitation sets in 
there is strict proportionality between the differential p; — ps 
and the difference p; minus the back pressure into which water 
passing through the tube discharges. However, in spite of the 
strict adherence to this relation, both differentials are propor- 
tional to p; — p2 only as long as pz remains above some pressure 
approximately the same as that at which the corresponding 
change was seen to take place at M.I.T. It is evident, therefore, 
that we must recognize a change in flow taking place upstream 
from the throat even before cavitation sets in. 

The observation of this peculiarity led to considerable investi- 
gation as to the possible causes, particularly to see under what 
conditions it might be accentuated. Consequently, experiments 
were made on the special tube, the published report? of which is 
referred to by the authors. Visual observation of this tube in 
operation showed two distinct phenomena: First, the release of air 
from solution as the pressure decreases, and second, the actual 
formation of cavitation. This tube had a long parallel section 
with glass sides which disclosed the effervescent nature of the 
water under reduced pressure. This was evident well in advance 
of reduction in pressure to the point that cavitation itself ap- 
peared, while the air bubbles were seen even when the flow ap- 
proached the parallel contracted section. On the other hand, 
cavitation itself was formed only as the tube started to expand. 
Under these conditions there was the marked effect which Dr. 
Hunsaker describes.® 

Returning now to practical model testing, there is undoubtedly 
the same effect present, and this would be expected to influence 
the results so that the determination of « would depend upon the 
head used in the test. Nevertheless, nothing of the kind has 
been noticed so far at Holtwood even though special tests have 
been made to detect any such effect that might alter the results. 

On the other hand, Professor Spannhake directed cavitation 
tests to be performed on a runner in his laboratory at Karlsruhe, 
which was particularly adapted for tests at extremely low head, 
and it may be recalled that the first reports were received from 
Dr. Krisam the day that Professor Spannhake took part in the 
annual meeting of the A.S.M.E. in December, 1932. He stated 
at that time that he was completely mystified by the enormous 
effect apparently produced by the change of head. 

As a result of experience at M.I.T., Professor Spannhake came 
to the conclusion that air was the disturbing factor and repeated 
these tests with important variations on his return to Karlsruhe. 


3 “Cavitation Research at M.I.T.,’”’ by J. C. Hunsaker, Mechanical 
Engineering, vol. 57, April, 1935, pp. 211-216. 
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In addition to the normal method of operation he conducted two 
more series, one with the apparatus arranged to charge the water 
heavily with air, and the other to reduce the air content as much 
as was practical. Results of these experiments are shown in Fig. 
1 of this discussion, and they indicate clearly the consistent al- 
teration in o arising from the variation in air content in the water 
as well as the decided increase in ¢ as the head is decreased. 


5 


|. With large quantity of air, water 
4 discharqing over 2 weirs in series 


2. With normal air content, discharge! 
over | weir 


3. With very little air in solution, 
discharge submerged. 


Critical & 
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We may then ask why it is that Holtwood results did not show 
the same effect as was found at Karlsruhe. The answer appears 
to be that the lowest head possible at Holtwood is well above the 
range where Professor Spannhake’s curves indicate that the values 
of « become substantially asymptotic. 

The conclusion that can be drawn is that in the main the basis 
for testing models for cavitation characteristics is correct, and 
follows the principles illustrated by the authors in their paper, 
but on the other hand, these results do not apply for those con- 
ditions under which the effect of air becomes appreciable. 


F. H. Rogsrs.! The paper presented by Messrs. Moody and 
Sorenson is of particular interest to hydraulic engineers in the 
study of cavitation problems applied to hydraulic turbines and 
pumps. It has for some time been assumed that when the cavi- 
tation limit at any point in a machine, such as a hydraulic tur- 
bine, is reached that the absolute pressure at such point equals 
the vapor pressure of the water. The careful research work at 
Princeton University as described in the paper confirms this 
theory. 

The application of these results to a turbine or pump is difficult 
due to the complex conditions of flow. Thus, flow through a 
turbine runner contains an unequal velocity distribution across 
the blades, curvature of the flow lines and at certain conditions of 
load eddies at the entrance to the blades. These conditions are, 
therefore, far from the almost ideal conditions of flow obtained 
in the venturi meter described in the paper. As shown by the 
curves presented in the paper, the break in the efficiency curve of 
the venturi meter coincides exactly with the reaching of the vapor 
pressure of the water at the throat. In turbine runners the vapor 
pressure of the water is undoubtedly first reached at only certain 
local points on the blades, complete cavitation over the entire 
discharge of the blades not occurring. This is probably the ex- 
planation why pitting at local spots on the blades may occur 
without appreciably affecting the power output or efficiency of 
the machine. : 

A somewhat similar explanation may account for the apparent 
discrepancies in behavior which have been noted in some in- 
stances between the model and prototype when both are operated 
at or beyond the cavitation limit. In these cases, the large units 


4 Chief Engineer, I. P. Morris Division, Baldwin-Southwark Cor- 
poration, Philadelphia, Pa. Mem. A.S.M.E. 


318 


do not show as great a drop in efficiency or power as the model 
units. It issuggested that although cavitation starts at the same 
value of ¢ for both the model and prototype that the vapor-filled 
cavities are physically about the same dimensions, if the heads are 
the same, and hence the entire flow pattern through the large 
runner is affected to a lesser degree than in the case of the small 
model. 


M. P. O’Brien.’ The problem of cavitation is important not 
only in the design and operation of centrifugal pumps and tur- 
bines, but also in many other phases of the flow of liquids. Cavi- 
tation occurs under certain circumstances even in the phenome- 
non of water hammer, as has been shown by Le Conte.® 

Fig. 2 of this discussion shows the head-capacity and the effi- 
ciency curves of a water-jet pump tested by O’Brien and Gos- 
line.’ The cavitation point is sharply defined in this figure. 
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Solution of simultaneous equations for the flow in the suction 
line with different operating conditions gave as the average 
pressure at the tip of the nozzle —32.3 ft compared with —33 ft 
as the vapor pressure minus the existing barometric pressure. 
The agreement is as good as could be expected considering the 
indirect method used. Direct measurement of the pressure at 
the lowest pressure point was not attempted since the experiments 
were not concerned directly with cavitation. Computation of 
the cavitation or “cutoff”? point was shown to be simply a matter 
of computing the maximum flow in the suction line of the jet 
pump on the assumption that the pressure at the nozzle is reduced 
to the vapor pressure and since this is a condition to be avoided 
in operation, no more was done in the way of experiments. 

It should be pointed out that cavitation may result from ex- 
cessive rates of acceleration as well as excessive velocities. This 
consideration is important in the design of displacement pumps 


5 Associate Professor of Mechanical Engineering, University of 
California, Berkeley, Calif. 

6 “Some Experiments and Calculations on the Resurge Phase of 
Water Hammer,” by J. N. Le Conte, preprinted paper, Aeronautics- 
Hydraulics Meeting of THe American Society or MrcHAnicaL 
Enoineers, Berkeley, Calif., 1934, George Reproduction Com- 
pany, San Francisco, Calif. 

7“The Water-Jet Pump,” by M. P. O’Brien and J. E. Gosline, 
University of California Publications in Engineering, vol. 3, no. 3, 
1934, University of California, Berkeley, Calif. 
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which must be investigated to determine whether cavitation may 
begin to occur at the instant of maximum acceleration. Gen- 
erally the danger pvints are not in the pump itself but in the suc- 
tion line. Acceleration as used here refers to the change of ve- 
locity with time at a point, rather than change with distance. 
The latter is, of course, taken into consideration in the cavitation 
constant. 


Cavitation tests on a 1'/.-in. glass tube in 


W. S. Parpon.® 


Fig. 3 Cavitation Tests on 1!/2-In. Guass Tuss, UNIVERSITY OF 
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through a surrounding collar of water in a more or less stationary 
or eddying state. 

At 18.5 ft head a-slight amount of air was seen to disengage from 
the water at the inner end, extending for about !/2 in. into the tube. 
This condition progressed until the head was 28.5 ft when the inner 
end of the tube was surrounded by a dense white fog extending about 
1 in. into the tube. 

At 38.5 ft head the appearance was that of snow or loose foam 
extending about 6 in. from the inner end of the tube. At 44 ft head 
the disturbed condition extended to the outside end of the tube, the 
inner end appearing as a clear-cut jet showing very distinctly the 
contraction and re-expansion on which the foregoing theory depends. 


seem to bear out Professor Moody’s contention. 

An experience with destructive cavitation, in the writer’s ex- 
perience, took place in a two-stage, three-stage turbine pump 
designed for Oakville, Ontario. This pump used two stages for 
domestic service and three for fire service, the extra impeller 
rotating at all times in water. Shortly after the pump was put 
in service, the impeller vanes and fixed guides were badly cor- 
roded. This was believed to be purely mechanical. 

Addison in “Applied Hydraulics” gives the following values of 
sigma in terms of specific speed: 


23 5 


Specific speed 6 
0.04 0.21 


Minimum 
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iS) b N, = ee 

afe Harbor ‘ 555/, 

This would require a sigma = 0.75 = (H, — H,)/H or 
H, = H,— H = 34—0.75 X 55 = — 7.3 ft 


Safe Harbor about meets this condition, but due to the unsym- 
metrical draught tube the water does not get away from the 
runner equally all around. There is the possibility of the de- 
structive action noted in the turbine pump. In other words, 
would not the action of these units have been better if equipped 
with a symmetrical draft tube of the spreading type with a center 
cone? The appearance of the tailrace suggests this. 


AutrHors’ CLOSURE 


The curves presented by Professor Pardoe in his discussion 
furnish a valuable supplement to the paper. The results obtained 
on the venturi tube of 11/, in. throat diameter clearly show the 
same action as found in the smaller tube at Princeton, namely, 
the concurrence of the break in continuity of the curve of diffuser 
efficiency with the reaching of vapor pressure at the throat. 
In Professor Pardoe’s apparatus the break in the efficiency curve 
is much sharper, being characterized by a marked rise in efficiency 
just prior to the break, when it immediately drops rapidly. This 
establishes the cavitation point even more strikingly than the 
Princeton experiments, and gives an excellent confirmation of the 
conclusion reached in the paper. We have just completed the 
installation at Princeton of a still larger apparatus, sqmewhat 
similar to that designed by Professor Pardoe, having a glass 
throat of 21/. in. diameter. It will be interesting to compare the 
results from the new equipment with those reported here. 

The authors have been unable to reconcile the first portion of 
Mr. Merriam’s discussion with the facts observed in the experi- 
ments. For example, Mr. Merriam infers in his fourth paragraph 
that the Princeton apparatus was not arranged so that “the 
absolute pressure at various points could be varied without change 
in their differentials, and consequently without change in velocity 
or discharge.’ Actually, by throttling the discharge valve in 
our apparatus, with various adjustments of the inlet valve, 
this variation could be obtained, and was obtained, as shown by 
the tests with the discharge valve open and those with it partly 
closed. To make clear the behavior with regard to the points 
which Mr. Merriam seems to have in mind, and utilizing “the 
evidence shown in the authors’ own data,’’ the authors present 
Fig. 9 of this discussion to show the relation between the rise in 
pressure in the diffuser, (hys — hp2), and the drop in pressure 
from entrance to throat, (hp1 — hp2). The solid line shows the 
relation with the discharge valve open and the dashed line 
shows the relation obtained with the discharge valve partly 
closed. It will be noted that under cavitation-free conditions 
the two curves coincide. That is, a given value of (hp: — hp) 
could be obtained either with a low back pressure and a reduced 
inlet pressure, or with an increased back pressure produced by 
partly closing the discharge valve and a correspondingly in- 
creased inlet pressure secured by a wider opening of the inlet 
valve. Up to the critical point of cavitation the rise in pressure 
in the diffuser is shown to be a function only of the drop from 
inlet to throat; but at a certain point, (hys — hp2) ceases to be a 
function solely of (hp: — hp2) and now becomes a function also 
of a second variable, the absolute pressure Hp. Beyond the 
point where the curve breaks away from the original line, we can 
secure different values of the ordinate by adjusting the back 
pressure, so that in the region to the right of this break the 
ordinate may extend to the original curve (with raised back 
pressure) or may extend only to the lower curve with the back 
pressure reduced until Hp2 reaches the vapor pressure. 

This illustrates a more fundamental criterion for the critica 
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point of cavitation, namely that point at which the conditions 
cease to be a function solely of the pressure differences or “effec- 
tive pressures,” but become also a function of a second variable, 
the absolute pressure. Applying this test to the observations 
reported in the paper, the values of Hy: also have been plotted 
on Fig. 9 of this discussion, and it is seen that Hp2 reaches the 
vapor pressure limit at the same time that the (hps — hps) curve 
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breaks away from the original curve, thus agreeing with the con- 
clusions previously reached by using as evidence of cavitation 
the point of discontinuity in the efficiency curve. A curve of 
efficiency versus (hp: — hz) also is plotted on Fig. 9 of this dis- 
cussion, showing the same double characteristic beyond the 
critical point of cavitation. 

With reference to Mr. Merriam’s opinion that “as cavitation 
is approached,” which the authors take to mean _ before 
cavitation occurs, “the differential p: — p2 is no longer a measure 
of the discharge,” the authors have plotted, Fig. 10 of this discus- 
sion, a curve of actual measured discharge versus (hp; — hp). 
The measurements of the discharge were obtained by weighing 
tanks. It is evident that in this apparatus the discharge is 
definitely a function of (hs — hye) [and consequently of (hp — hops) 
as shown by Fig. 9] right up to the point of cavitation as indicated 
by the sharp break in the curve, and that as shown by the Hm 
curve, also shown in Fig. 10 of this discussion, this again agrees 
with the point where Hy; reaches its limiting value, the vapor 
pressure. 

As pointed out in the paper, it is essential in testing the 
applicability of the cavitation formula by the method the authors 
have used that the pressure head H,2 be measured at the point 
of lowest pressure in the system, the point where cavitation 
originates. This was secured by the use of a passage having a 
throat in which the flow lines could reasonably be expected to 
be parallel and free of curvature and the results confirmed this 
expectation. If a sudden enlargement had been used or other 
form of throat in which a lower pressure could occur at some other 
point in the section than at the Hy: gage connection, a discon- 
tinuity would have appeared in the curves of efficiency (hp: — hp2) 
or Q shown in Figs. 9 and 10 of this discussion, indicating 
the beginning of cavitation before Hp: had reached the vapor 
pressure. This may be the explanation of the effects which Mr. 
Merriam seems to describe in the test to which he refers. No 
such effects are exhibited by the Princeton apparatus. 

Mr. Merriam’s explanation of the effects of air content of the 
water is a useful supplement to the paper, and the authors are in 
agreement with his conclusions on this point. 

Mr. Rogers brings out an important dimensional consideration 
relating to the relative effects of cavity formation in large and 
small homologous units operating beyond the point of cavitation. 
As a consequence of these considerations it is to be expected that 
while a small model turbine or pump may show a sharp break in 
the efficiency or output curve at the critical o, the large prototype 
may show a curve only gradually rounded and falling off at 
first rather slowly. Small-scale apparatus is therefore well 
adapted to experiments of the kind reported in the paper since 
the smallness of the dimensions compared with the height of the 
barometric water column lends definiteness to the critical point 
which is to be observed. 

Professor O’Brien’s discussion brings out the influence of 
acceleration or of flow varying with respect to time. Ina hydrau- 
lic machine or system subject to pulsating flow this may be a 
factor of considerable importance. It would be useful to develop 
on a dimensional basis the effect of small surges or pulsations on 
the cavitation factor. The presence of small pressure waves even 
in smoothly operating turbines and pumps is one of the factors 
calling for a margin of safety in determining the safe elevation of 
the runner above,tail water. 

At the end of the discussion, Professor Pardoe brings up a 
point of particular interest to one of the authors, who has a 
predilection for symmetrical forms of draft tubes where the unit 
spacing permits their use. However, the improved draft-tube 
efficiency with whirling discharge, particularly at part gate, 
usually requires that the unit be set lower rather than higher. 

In conclusion the authors will consider that a useful purpose 
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has been accomplished if, as a result of their small contribution, 
other experimenters may become interested in continuing and 
extending this line of research. 


The Definition of the Quantity- 
Head Characteristic of Fans’ 


T. Cuester.2 The authors conclude that the most reliable 
results can be obtained when fans are tested with air-path ar- 
rangements exactly similar to those of their intended applica- 
tions. This conclusion is unquestionably sound. However, in 
many instances it is not feasible commercially to duplicate in- 
stallation conditions for test purposes. It is axiomatic that the 
four basic fan and duct arrangements discussed in the paper do 
not include the many variations encountered in practice. Such 
variations consist chiefly of departures from the principles of 
good design for the main ducts near fans, imposed by space limi- 
tations. Unsatisfactory duct connections to fans not only set up 
resistances which are difficult to calculate but they also tend to 
produce erratic fan performances by causing unsuitable air flow 
through fan impellers. 

The writer believes that it is essentially immaterial whether 
the resistance is encountered on the suction side or on the dis- 
charge side of a fan. If the resistance to air flow which will be 
produced by any installation can be correctly evaluated, and if 
that resistance is duplicated by means of the contrivances used 
for test purposes, a fan will give the same performances under 
test conditions as it would in the actual installation, provided 
there is no interference with normal impeller air flow. 

The total resistance to flow has been termed “resistance pres- 
sure.” It is manifested by air rarefaction in the case of a fan 
applied as an exhauster, and by air compression in the case of a 
fan applied as a blower. It should be borne in mind that the air 
rarefaction or compression is the joint product of the resistance 
to flow and the propulsive force exerted by the fan. 

If the absolute pressure difference between the negative head 
on the suction side of the fan and the positive head on the dis- 
charge side, pertaining to the author’s arrangement C, is exactly 
duplicated in the form of positive head in the case of arrangement 
B, the fans applied will give identical performances when oper- 
ated at the same rotative speeds. In many instances, as far as 
results are concerned, selection of one of the four basic methods 
advanced by the authors, as most closely resembling an actual 
fan installation, will be productive of no greater accuracy than 
the use of arrangement B which represents standard practice at 
present. 

The authors are correct in stating that any kinetic energy in 
air flowing into a fan is not produced by the fan, but is at the 
expense of pressure energy in the air stream. However, the fan 
produces the pressure depression within its impeller, which en- 
ables the surplus pressure of the ambient atmosphere to cause 
flow. The fan has to provide the energy needed to restore the 
pressure of the air dealt with to that of the atmosphere. In addi- 
tion, the fan has to provide the velocity pressure of the air issuing 
from its outlet. 

The authors propose in defining the fan head, that the dis- 
charge velocity head be entirely disregarded, and that the dis- 
charge static head only be used. The fan used by the authors 
had inlet and outlet of the same size. Probably this led them to 
conclude that the velocity pressure at the outlet had been sup- 
plied by atmospheric pressure at the fan inlet, and consequently 
the fan could not be credited with the energy represented by the 


1 Published as paper PTC-57-2, by M. C. Stuart and W. E. Somers, 


in the October, 1935, issue of the A.S.M.E. Transactions. 
2 Engineer and Contractor, Detroit, Mich. Mem. A.S.M.E. 
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outlet velocity pressure. Actually, the inlet velocity pressure is 
lost witbin the fan and therefore the outlet velocity pressure is 
not provided by atmospheric pressure. Also, in many cases, fans 
have smaller outlets than inlets, with consequent higher velocity 
pressures at their outlets. It is customary to credit a fan with the 
velocity pressure in the discharge duct, and it is likely that engi- 
neers will adhere to this practice. 

It is the writer’s opinion that the fan head should be regarded 
as the algebraic difference between outlet total head and inlet 
total head. 


Vincent Gentite, Jr. Near the end of the paper the au- 
thors propose in defining the fan head that the discharge velocity 
head be entirely disregarded and the discharge static head only 
be used. ‘This conclusion is apparently based on their statement 
that, “The only way by which the discharge kinetic energy of the 
air may have utility in overcoming resistance is by the introduc- 
tion of a diffuser which converts kinetic erergy into pressure 
energy.” It is with these statements that the writer takes issue. 

A centrifugal fan generates a total head which is the sum of 
the static and velocity heads and it is this total head that is effec- 
tive in overcoming the resistance of the duct system. If the fan- 
outlet area is smaller than the area of the discharge duct where 
the connection is made, causing an abrupt expansion, a portion of 
the velocity head will, of course, be lost. But if a transformation 
piece having a sufficiently gradual slope is used in making the con- 
nection, practically all the velocity head will be recovered in the 
form of static head. Also, if the fan-outlet area.and the discharge- 
duct area are the same, then all the velocity head will be available 
for overcoming duct resistance, since any losses that occur due to 
changes in velocity further along in the duct are directly charge- 
able to the duct system. The practice of specifying fans in 
terms of volume and static pressure makes the direct use of this 
information of little value to the engineer, since it is the total 
pressure that is obtained and not the static pressure in any com- 
putation of the resistance of a duct system after summing up all 
the losses. If, in a specific case, a fan were required to deliver 
10,000 cfm of air in a certain system of ducts, and if summing up 
all the losses such as exit velocity head, friction, elbow, sudden 
expansion and contraction losses, it were found that the total re- 
sistance amounts to a head of 2 in. of water, then a fan would 
be required that would deliver 10,000 cfm of air against a total 
head of 2 in. of water. The proportion of the total head that 
the fan would deliver in the form of static head would not be 
known until after a particular fan is selected, since the ratio of 
static to total pressure can vary anywhere from zero to nine 
tenths (approximately) depending on the per cent of wide-open 
volume that the fan operates at, and this in turn depends on 
such items as the wheel diameter, type of fan, and width of fan. 
It should be clear then that the head with which the engineer is 
concerned is not the static head but the total head, and it is the 
total head that should be used as the criterion in fan curves or 
tables. The authors make the statement, “If two fans X and Y 
have equal total heads but unequal velocity heads, the fans will 
not be of equal utility for purposes of overcoming resistance.” 
But it is also true that if two fans are rated to deliver the same 
volume against the same static pressure, their actual deliveries 
may vary within wide limits when applied to the same duct sys- 
tem, in fact to a much greater extent than when the fans deliver 
the same total head. 

Regarding the different characteristic curves obtained for the 
various test arrangements labeled A, B, C, and D by the authors, 
it might be of interest to see the actual figures from which these 
curves were plotted. While it is true that Professor Marks has 


3 Tunnel Ventilation Designer, Board of Transportation, City of 
New York, New York, N. Y. 
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shown that inlet and outlet attachments affect fan performance, it 
is difficult to see why virtually identical set-ups should yield 
varying performance curves. There is no material difference be- 
tween arrangements B and C, and one would naturally expect 
their pressure-volume characteristics to coincide. In the calcu- 
lation of velocity heads, the authors state that these were ob- 
tained from the flow measured by the discharge nozzle. But 
what correction was applied to the mean velocity to obtain the 
average velocity head? 


R. D. Manpison.‘ The writer believes that for the purpose of 
fan test codes, simplification should be aimed at rather than to 
cover all possible arrangements with which fans may be con- 
nected to ducts. Thus in Fig. 1 of the paper the bare fan ar- 
rangement A is seldom used for centrifugal fans and arrange- 
ment D may be considered a special case of arrangement C. 
For propeller fans, on the other hand, in addition to the four ar- 
rangements shown, there are four additional cases where the 
motor is on the opposite side of the fan. Obviously a code cover- 
ing so many arrangements becomes unwieldy. 

There is no doubt but that where a fan is to be accurately 
tested and some special inlet or outlet conditions exist that might 
affect fan performance, the test should be conducted with these 
obstructions in place. However, in many cases, satisfactory in- 
formation is at hand from which predictable results can be made 
by using some of the customary test methods. Thus, a close in- 
spection of Fig. 3 of the paper shows that if the total-pressure 
curves were superimposed upon the static-pressure curves there ~ 
would be three general systems, all differing by about one ve- 
locity head, depending upon the definition attributed to each 
curve. If these curves had been drawn for a larger fan, and one 
with a more stable characteristic, the comparison would be even 
more marked. Inspection of the same curves plotted in Fig. 4 
shows diverse characteristics for the velocity pressures (differ- 
ence between the total and static pressures plotted). This 
should not be so since by the authors’ definitions, these velocity 
pressures should be identical, the inlet and outlet dimensions of 
the test fan being equal. 

The authors arrive at the conclusion that fan head should be 
defined as the fan static head. The writer believes that the crea- 
tion of the term “‘fan head’’ leads to confusion rather than clari- 
fication of the issue. It is true that fan static head is the head in 
common use and probably the simplest in conception. Fan 
total head includes the velocity pressure of discharge and in view 
of the tendency to refer efficiency to that based on total pressure, 
it would seem logical to plot both static and total heads for com- 
plete information. 

Where fans are tested without discharge ducts, as in arrange- 
ment D in Fig. 2 of the paper, care should be taken to see that the 
large test duct is sufficiently large to reduce the velocity to a 
negligible amount or else a proper correction should be made. 
Thus, it may seem that a 2-ft 9-in. drum is large enough in 
which to discharge air from a 9-in. pipe, and yet the regain effect 
due to sudden enlargement may amount to as much as 10 or 11 
per cent of the velocity pressure in this case. 


H. F. Hacen.’ The paper should receive the careful attention 
of users of fans who feel that for their particular purposes, the 
conventional fan data do not apply. These particular pur- 
poses will correspond to arrangements A and D of the paper since 
arrangements B and C are the only ones used under the present 
test code for testing centrifugal fans. 


4 Research Engineer, Buffalo Forge Company, Buffalo, N. Y. 
Mem. A.S.M.E. 

5 Vice-President and Director of Research, B. F. Sturtevant Com- 
pany, Hyde Park, Boston, Mass, 
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Customers applying fans according to arrangement A have 
been advised by the authors to use the static pressure as deter- 
mined from arrangement B. The close agreement of the authors’ 
test curves Hgz and Hg, attests to the validity of the recom- 
Customers using arrangement D have been 
obliged to take the static pressure of arrangement C, that is, to 
assume agreement between the authors’ curves Hgc and Hgp. 
The agreement between these is close at small volumes and at 
large volumes. In view of the close agreement between Hg, and 


. Hyp, no ready explanation suggests itself for the disagreement in 


the important middle range between Hgc and Hgp. The dis- 
agreement is small, however, and does not seem to indicate the 
need of any additional types of test set-up. 

All present fan work accepts the authors’ first definition of 
static head. 

Usually one would not expect to see other than a small difference 
between the total heads for arrangements B and C. It would 
seem that the inlet of this particular fan was not adapted nor in- 
tended to take air directly from the atmosphere, and introduced 
a large loss when it was so used. 

There is never any confusion about total head, this being the 
differential reading between an impact tube in the fan outlet and 
an impact tube in the fan inlet. 

The writer can give a general unequivocal definition of static 
head which agrees with the static of the authors’ first definition. 
This definition is: “Static head is the total head diminished by 
the velocity head in the fan outlet.” 


T. Baumeister, Jr.6 The authors have shown in a most con- 
vincing way the numerous conflicts encountered in the definition 
and experimental determination of the head characteristic. Their 
conclusion on the meaning of the developed static head is the 
only definition that can be defended rigorously. If the writer 
may add a word to the paper it would be on the point that the 
static head developed by a fan is equal to “the discharge static 
head minus the inlet total head.”” Those cases employing no 
inlet duct can be fitted easily to this definition. When, however, 
an inlet duct is used, as in the authors’ arrangements C' and D, 
this may be difficult to construe. In such a duct, the velocity 
head is positive numerically and is contributed by the ambient 
supply energy. The static pressure, measured at the proposed 
point in the inlet duct, is negative and represents the total differ- 
ential required by the flow circumstances. All of this static pres- 
gure is not contributed by the fan. The velocity head comes 
from the atmosphere, so that adding the h,; (positive in sign) 
to the h,, (negative in sign) gives the total head at the fan inlet 
which must be provided by the fan. Putting it another way, the 
total head at the fan inlet is equal to the entire friction loss in the 
inlet duct. Obviously, this friction head can be supplied only 
through energy added at the fan shaft. 

A typical set of readings will make the reasoning clear. For 
arrangement C of Fig. 1 or Fig. 2 of the paper, representative 
pressure readings, at point 7 in the inlet duct, would be —3 in. for 
the static pressure, +1 in. for the velocity pressure, and —2 in. 
for the total pressure. The —3 in. static pressure must come 
originally from the atmospheric pressure and just be made up 
by the fan. However, the +1 in. velocity pressure is energy 
that does not have to be contributed by the fan. The net deficit 
therefore at which the air is supplied to the fan inlet is (—3 +1) 
or —2 in. total pressure. This —2 in. total pressure represents 
and exactly equals the entire head loss occurring through the duct 
inlet and from friction resistance up to the point 7. If, simul- 
taneously, a static-pressure reading of +4 in. is obtained on the 
discharge duct at point d in the authors’ arrangement C, then the 
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net static head delivered by the fans is +4 —(—2) or6in. This 
agrees exactly with the first definition given by the authors. The 


signs on the readings should be carefully noted and when applied 
algebraically in the definition of fan head will result in the true 
values as demonstrated. For further confirmation of this view 
reference should be made to the rigorous test procedure for 
pumps with a negative suction supply. 


Cavitation Testing of Model Hydrau- 
lic Turbines and Its Bearing on 
Design and Operation’ 


J.D. Scovitiz.2. The writer believes that it will be of interest 
to add, to Mr. Davis’ data, additional specific speed—c limits of 
Francis runners as compared with the propeller type of turbine. 
Curve A on Fig. 1 of this discussion shows the limits of a number 
of commercial installations from a specific speed of 35 to 105. 
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Basis 
(Curve A, Francis turbines; Curve B, C, D, Safe Harbor turbine; 


, F, Bonneville turbine; Curve G, Rogers and Sharp in 
Mechanical Engineering, August, 1935, p. 504.) 


Curve 


This curve is not the result of laboratory tests but is based on the 
field experience of one turbine manufacturing company. Its 
significance is that there has been practically no pitting on in- 
stallations the plant « of which is above this line. There are a 
number of plants with o values below this curve which have had 
no serious pitting. Curves B, C, and D show the cavitation limits 
for the Safe Harbor turbines for 1.544, 1.635, and 1.89 ¢. Curves 
E and F show a decided improvement over the Safe Harbor re- 
sults and for the Bonneville turbines. These wheels will oper- 
ate at 30 to 69-ft head and will drive a 48,000-kva generator. 
They will have a capacity of 100,000 hp at 69-ft head but will be 
limited to 66,000 hp on account of the generator. The runners 
will be more than 23 ft in diameter. The curve for 1.38 ¢ corre- 
sponds to 69-ft head and that for 1.62 ¢ to 50-ft head. Below 
this head, cavitation was not a problem because of the high tail- 
water. Hence, no tests were made at the higher values of ¢. 
Inspection indicates that at higher specific speeds the cavitation 
performance would still be substantially better than for the tur- 
bines at Safe Harbor. The tests were made at the Holtwood 
Laboratory of the Pennsylvania Water and Power Company. 

The author points out that the shape of the guide vanes, ar- 
rangement of the scroll case, form of the head cover, design of the 
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curb ring, influence of the hub diameter, and the runner clear- 
ance may have an effect on cavitation. The draft-tube design 
should be added to this list. It is evident that a given design of 
runner will have better cavitation characteristics on a poor draft 
tube than on a good one. The blade area is likewise very im- 
portant. Fig. 2 of this discussion shows the cavitation character- 
istics of two runners of the same design except that runner B 
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has about 5 per cent more blade area than runner A. Other 
things being equal, the runner with the larger blade area tends to 
show lower efficiency. Blade smoothness is likewise very im- 
portant. Local pitting may start from small irregularities and 
spread so much that it becomes serious. This can practically be 
eliminated by machining the blades all over. Undoubtedly 
some of the improvement in cavitation performance on the 
latest installation at Safe Harbor is due to the fact that the 
blades were machined. As the author points out, there was a 
definite improvement in cavitation performance due to the slower 
speed. However, this is not always true. For a given unit dis- 
charge the critical o was identical for variation in ¢ from 1.38 to 
1.62 for the Bonneville model runner. 

The writer has found that in addition to limiting the horse- 
power output of a given turbine, o has a decided effect on the 
overspeed. Fig. 3 of this discussion shows the runaway-speed 
tests at varying o and several gate openings for one blade-angle 
setting of a Kaplan turbine. It shows that at full gate, the run- 
away speed takes a decided jump between values of o of 1.00 and 
0.80. It also shows that at lower values of o the maximum run- 
away speed does not occur at full gate. 


E. W. SPANNHAKE.* With reference to Fig. 6 of the paper, the 
author remarks that it would be well if more experimental in- 
formation could be gathered on whether the step-up in efficiency 
is obtained as a result of increased output from the same quantity 
of water or a decreased quantity for the same output. 

Although not much experimental information is available, it is, 
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to a certain extent, possible to obtain definite ideas about the 
mechanism of the step-up and its influence upon the cavitation 
conditions of the turbine by a simple energy consideration. 

It has to be borne in mind that the occurrence of the step-up 
already indicates that exactly similar conditions in the true sense 
of dynamics do not exist between model and prototype. That 
means that for the prototype, no system of the three magnitudes, 
unit power, unit discharge and ¢, can be found which is exactly 
the same as in the case of the model. If we, therefore, want to 
study the behavior of the prototype, we have to see how the 
changes in the relation of these magnitudes come about, always, 
of course, realizing that the changes are so small that the flow 
picture remains basically unchanged. 

The most significant relation for any state of equilibrium in a 
turbine is that the total head or energy available H is equal to 
the energy fed into the wheel H,,,, plus the energy lost hydrauli- 
eally by friction or whirling H,. The energy equation is 
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If the sum of wheel energy and lost energy is smaller than the 
total, the water masses will be accelerated; if it is larger, they 
will be decelerated. Now consider a state of the prototype which 
has the same geometrical set-up as the model, that is, where blade ~ 
angle, gate opening and wheel speed are in their proper relation. 
Suppose that this system was in some way brought to have the 
same unit discharge as the model, then all angles of attack and 
relative movements inside the wheel would be the same. We 
would then have to examine H,,, + H,. The wheel energy H,, 
does not change its size with the size of the model, since it de- 
pends mostly upon the circulation set up around the blades, 
which depends only on the relative angle and has no measurable 
scale effect. The value of H,;, however, becomes smaller by the 
scale effect and hence the sum which for the model has been equal 
to H is now smaller than H and correspondingly the water masses 
will accelerate. A faster absolute velocity, however, creates a 
steeper angle of attack as can easily be seen from a velocity dia- 
gram and hence H,,, now increases. The value of H;, how- 
ever, also increases since all frictional losses will increase 
with increased discharge. A new equilibrium will be reached 
when the new sum of H,, + Hy, again equals H. It can 
thus be seen that for the same gate opening both unit power and 
unit discharge will increase. In order to obtain the same unit 
discharge as in the case of the model, one will have to close the 
gate slightly and correspondingly the runner blades will assume a 
slightly flatter position. To obtain the same unit power, more 
additional closing and correspondingly still flatter position of the 
runner blades is necessary. Therefore, from the standpoint of 
hydraulic similarity it seems more natural to take curve B in 
Fig. 6 of the paper if any step-up formula is used, which takes 
into consideration the change of frictional losses with Reynolds’ 
number. 

The important question naturally will be, how c¢ is influenced 
by this process. Here, however, the step-up does not work ad- 
vantageously. From the foregoing it can be seen that in case 
of curve B the resulting state will certainly have a higher o than 
the model. First of all, since the unit discharge is the same, the 
general pressure level in the wheel will not change much, possibly 
drop slightly, since friction losses in the draft tube are probably 
also slightly reduced. On the blade, however, a higher torque 
has to be brought about at a flatter angle, which means higher 
average pressure differences and, therefore, lower pressure 
minimums. 

As for the line A in Fig. 6 of the paper, where the unit power 
is kept constant, no direct forecast can be made. The discharge 
will be smaller, thus decreasing the danger. The torque, how- 
ever, which now corresponds exactly to that created in the 
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case of the model, has to be created with a blade angle which is 
still flatter than in the previous case. So it is conceivable that 
even here willincrease. Just what it will do depends on whether 
the decreased discharge or the flatter angle will play the bigger 
réle. In other words, the higher the unit discharge of the type 
at that point and the lower the absolute value of o, the more it 
will be on the safe side. 

Summarily it can be said that in comparing hydraulic condi- 
tions in the wheel, one would reasonably compare the same unit 
, discharges, and that for cavitation conditions unit power will 
probably be the limiting factor. 


Mary O. Soroka.! The use of the propeller turbine brings us 
to the point where we must be mindful of the barometric pres- 
sure and water temperature. A detail which could be over- 
looked as unimportant on a 5000-hp unit becomes an item on a 
40,000-hp unit. The operator of a steam station became more 
conscious of the barometer when he changed from the reciprocat- 
ing engine to the turbine, and it can be shown that the low- 
head hydroelectric installation is affected appreciably by at- 
mospheric variation as well. 

River water may be assumed to vary between 32 F and 90 F. 
Tf an installation at Baltimore, Md., is taken with a total head 
H, of 40 ft, a runner diameter D of 20 ft, a draft head H, of 10 ft, 
and the vapor pressure H, at 32 F = 0.204, we obtain 
o = (H, —H, — H,)/Hr = (33.95 — 10 — 0.204)/40 = 0.594 
for a temperature of 32 F and the normal barometric pressure for 
Baltimore of 29.962 in. hg, which barometric pressure is the 
equivalent of the head H,, or 33.95 ft, in the foregoing equation. 

Using Fig. 5 of the author’s paper and assuming ¢ = 1.727, 
the unit discharge for a o of 0.594 is equal to 2.48 cfs. The total 
unit capacity is (2.48 X 20? X 1/40) = 6280 cfs. This corre- 
sponds to 
(6280 X 62.5 X 40 X 90)/550 = 25,700 hp on the full-size unit. 

The vapor pressure H, at 90 F = 1.61 ft while at 32 F it is 
0.204 ft, or a difference of 1.406 ft. The change in o due to this 
difference in vapor pressure is (1.406/40) or 0.035. The curve of 
¢ = 1.727 slopes so that a 0.1 change in o causes a change of 0.5 
cfs in discharge. For a change in o of 0.035, the change in unit 
discharge is 0.18 cfs, which, divided by the total of 2.48 amounts 
to a difference of 7.25 per cent. On an installation of 25,700 hp, 
this amounts to 1800 hp, which is due to the original premise 
of a temperature differential of (90 — 32) 58 F. 

During 1934, the average high barometric pressure at Balti- 
more was 30.145 in. of hg, corresponding to a head of 34.20 ft of 
water while the average low barometric pressure was 29.791 in. 
hg, corresponding to a head of 33.75 ft of water. This gives a 
variation of 0.354 in. hg, or 0.41 ft of water. This corresponds 
to (0.41/40) X 100 = 1 per cent change in o, or a 2 per cent 
change in output. For the 25,700-hp unit previously considered, 
this amounts to a reduction of 500 hp. 

Also during 1934, the maximum barometric pressure at Balti- 
more was 30.732 in. of hg, which corresponds to 34.85 ft of water, 
while the minimum barometric pressure was 29.307 in. of hg, 
which corresponds to 33.22 ft of water. The difference between 
the maximum and minimum heads is 1.63 ft of water. This 
corresponds to (1.63/40) X 100 = 4.07 per cent change in o, or a 
change in unit discharge of (0.204/2.48) X 100 = 8.2 per cent. 
For the 25,700-hp unit previously considered, this amounts to a 
reduction of 25,700 X 0.082 = 2100 hp, approximately. 

In high-head installations, the barometric change is not so im- 
portant since o varies inversely as the head. However, in deal- 
ing with low heads, it is plant « which actually changes the safe 
limit to which the machine can be run. It is interesting to note 
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that for the vicinity of Baltimore, the maximum effect of tem- 
perature occurs during July and August, whereas the minimum 
barometer occurs in June and July. The two effects are there- 
fore additive and there is a possible variation of 15 per cent be- 
tween the low barometer in summer and the high barometer in 
winter. If o curves are to be used as a guide to operation, the 
effect of barometric pressure and temperature must be recognized. 


R. E. B. Sarr. The I. P. Morris Division of the Baldwin- 
Southwark Corporation has had occasion in several instances to 
avail itself of the cavitation-testing facilities at the Holt- 
wood hydraulic laboratory, and has obtained very accurate and 
valuable data. Referring to the author’s Figs. 3 and 4, certainly 
cavitation enters the picture in the performance of a runner as 
soon as any of the characteristics of efficiency, power, or quantity 
are affected. -Therefore, it appears that the limiting value of « 
should be the point where any of these curves start to break. 
It is, therefore, more conservative to use the point of downward 
break in the efficiency, as the limiting o rather than the up- 
ward break in quantity. This figure, it will be noted, shows that 
the break in both efficiency and power occur at appreciably higher 
values of o than the break in quantity. Applying these re- 
sults to the author’s Fig. 4, it is noted that the limiting value of 
o at a discharge of 3.88 is 0.86 according to the break in the quan- 
tity curves, whereas the limiting value of sigma according to the 
break in the efficiency curve at this same quantity is 0.92. 

Again, the writer is of the opinion that it is more logical to use 
the unit horsepower as the basis when stepping-up to the proto- 
type to determine the limiting power at a given limit in o rather 
than to step-up the unit discharge as is the author’s practice. if 
the unit discharge is used as the basis and there is an increase in 
efficiency of the prototype over the model as is usually the case, 
this results in greater power for the same proportional unit dis- 
charge on the prototype. The increase in power means an in- 
crease in differential pressure on the two sides of the blade sur- 
face. On this basis there is a resulting tendency for the limiting 
o of the prototype to occur at a lower corresponding value of unit 
quantity than on the model. 

It can likewise be said, if the unit power is used as the basis 
that this will be accompanied on the prototype by a smaller 
portional discharge with the lower reduction in pressure due to 
velocity head in the draft tube. Nevertheless, the unit horse- 
power as the basis for stepping-up is more conservative and even 
logical, and the writer thinks it should be used. 

Referring to Fig. 7 of the paper, the author’s hypothetical 
curves are actually beyond the theoretically perfect runner in 
that no allowance is made for pressure differential on the two 
sides of the blades due to power developed. Therefore, these 
curves theoretically apply only if the hypothetical runner is 
considered to have infinitely large blade area. It is believed, refer- 
ring again to Fig. 7, that curve D is for a runner with decidedly 
smaller hub diameter than the other curves, and while this repre- 
sents an excellent design, the others, in comparison, are handi- 
capped due to that fact. 

It is noted, referring to Fig. 10 of the paper, that from the 
laboratory tests using the break in the unit discharge versus o 
curve as the criterion for the starting point of cavitation a limit- 
ing output of 34,950 hp was obtained. Fig. 10, however, it will 
be noted, shows that the efficiency curve of the prototype leaves 
the expected efficiency curve with no cavitation at a value, as the 
author points out, of 33,500 hp. While this is not a very marked 
difference, the use of the unit discharge does result in a limiting 
value of power without cavitation that is somewhat higher than 
the field test indicates. 
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Referring to Fig. 11 of the paper, the writer fails altogether to 
see the reason for plotting these curves on the basis of unit dis- 
charge rather than specific speed. The former value, in the 
writer’s opinion, is decidedly more logical in that it takes into 
account the value of ¢, or speed, and also unit power. The latter, 
of course, is proportional to unit discharge on the basis of equal 
efficiency. 

Referring to the points for the Francis-type runners in Fig. 11 
of the paper, and to the author’s comment to the effect that the 
Francis units tend to run closer to the limiting values of o than 
propeller units, might not this be explained by the fact that some 
of the Francis installations, particularly the older ones, are pro- 
vided with inefficient draft tubes which permit a relatively low 
value of o without pitting? 


R. V. Terry.® It must be agreed that considérable pioneer- 
ing has been done by the author and others associated with the 
Holtwood Laboratory, particularly in connection with the Safe 
Harbor Plant where troublesome cavitation was encountered. 
The contents of the paper reflect the enormous amount of re- 
search work done and the success with which the problems were 
attacked and, to a large extent, solved. 

Cavitation tests were started in the new Newport News Labora- 
tory about a year ago. Turbine models for two plants as well 
as several other models have been investigated for cavitation. 
These include variable-pitch runners as well as fixed-vane run- 
ners, with from 4 to 6 vanes, ranging in specific speed from 100 to 
180. The curve shown in the author’s Fig. 8 marked N,?/25,600 
was derived from these tests. While some of the critical o values 
obtained were somewhat lower than shown by this curve, it is 
felt that, in general, the curve represents the lower limit of good 
practice below which there may be danger from pitting. This 
curve is, however, not directly comparable with the author’s 
curves for two reasons. First, as noted in Fig. 8, the writer’s 
specific speed is based on the rated output or 95 per cent of the 
maximum output. For fixed vane runners the o increases 
rapidly as the gates are opened beyond the point of best ef- 
ficiency. Since these turbines may be operated at the rated 
output where the power is about 5 per cent greater than for the 
point of maximum efficiency, the o has been selected accordingly. 
A somewhat more favorable o-specific-speed relation would re- 
sult if the output were limited to the point of maximum efficiency. 
A second difference occurs in the manner of selecting the o values 
from the test curves. The writer has selected these values from 
the breaks in the efficiency curves whereas the author has, ap- 
parently from Figs. 3 and 4 of the paper, selected the values of 
o from breaks in the unit discharge curve. The writer finds 
these differences vary from 0.05 to 0.15 o. 

The writer is heartily in favor of adopting o as the criterion for 
comparing cavitation results rather than other coefficients that 
have been proposed by others from time to time. 

It is enlightening for particular studies to compare the values 
of o of various designs on the basis of unit discharge as has been 
done by the author in his Fig. 7. However, this method disre- 
gards the very important consideration of peripheral speed which 
enters into the specific-speed relation. For the benefit of the 
profession as a whole it appears best to compare values of « on the 
basis of specific speed. 

It is interesting to formulate the general relation between o 
and specific speed. The writer has found from analysis of his 
and published test results that, in general, critical ¢ is propor- 
tional to the square of the specific speed and that this relation 
applies to normal designs of Francis turbines as well as to propeller 
turbines of both the fixed-vane and adjustable-vane types. Con- 
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sidering a unit head, the specific speed N, is made up of two fac- 
tors. It varies directly with the unit speed Ni and as the square 
root of the unit power Pi, the latter being approximately propor- 
tional to unit discharge Q;. Critical « has been found to vary 
approximately as the square of the unit speed and directly as the 
unit discharge, or ¢ is proportional to N,?Q;, which is in turn 
proportional to N,?. The variation of o with unit speed or pe- 
ripheral coefficient ¢ at constant discharge may be obtained from 
Fig. 5 of the paper. The group of curves in Fig. 7 of the paper as 
well as those in Fig. 5, illustrate how o varies approximately 
directly as the unit discharge at constant speed. 

It is interesting to compare the values of « with those for a 
hypothetical turbine as is done by the author. As may be 
seen from Figs. 7 and 11 of the paper, the hub has a marked 
effect in increasing «.. There are many other factors which make 
it impossible to obtain values of « which are comparable with the 
hypothetical turbine. The reduction of passage area and pres- 
sure caused by the vanes is one important factor. Others are as 
follows: 


1 The necessary angular deflection of the water causing 
pressures on the back side of the vanes lower than the average 
pressure. This effect is partially counteracted by the reactive 
nature of the turbine. That is, a certain percentage of the total 
head is transformed into velocity between the vanes, and the 
presence of this pressure, which varies from a maximum at the 
entrance to a minimum at the discharge, alters the pressure dis- 
tribution on the vanes. 

2 Eddies caused by clearance gap. Clearance cavitation is 
always found at sigma values higher than those at which vane 
cavitation starts. 

3 The unavoidable use of stay vanes and wicket gates across 
the water passage must to some extent produce variations in 
velocity and pressure. 

4 The velocity of flow through water passages is not uniform 
resulting in local velocities higher than the average. This 
effect may be quite large as the pressure variations vary with the 
square of the velocity. 

5 The relative velocities along the surfaces of the vanes are 
very high for propeller turbines so that the effect of the entrance 
edge of the vanes and irregularities in the surface may cause 
marked changes in pressure. 

6 For adjustable-vane runners the shape of the vane can be 
correct only for one condition of speed and discharge. This 
shape may be correct for the entire vane, say when the cord 
angle at periphery is 18 deg. When the vanes are rotated, an 
appreciable amount in the opening direction, the pitch at the 
periphery is much greater and the pitch at the hub much less 
than the average. Then the vane shape is no longer correct. 
Large variations in velocity and angles of discharge occur which 
tend to cause cavitation. This may to some extent be counter- 
acted by rounding the corners of the vanes, both at the periphery 
and hub. 


Referring to Fig. 11 of the paper, there are several factors which 
make it possible to approach the ideal more closely with the 
lower-speed Francis turbines, some of which factors are as follows: 


1 The hub area is offset in the water passage with reference 
to the discharge or smallest area of the water passage so that the 
net area may be made equal or nearly equal to the discharge 
area. 

2 The greater vane area of Francis runners, made possible 
by the lower speeds and relative velocity without excessive fric- 
tion losses, reduces the proportional underpressure. 

3 Fig. 11 does not take into consideration the much lower 
peripheral coefficient of Francis runners. As pointed out pre- 
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viously, o varies approximately as the square of the unit speed or 
peripheral coefficient. 
4 Clearance cavitation is avoided. 


It is truly remarkable if safe values of o can be obtained in 
line with curve D shown in Figs. 7, 8, and 11 of the paper. The 
writer understands the data for this curve were obtained from a 
fixed-vane runner with six rather steep vanes. It is apparent 
that the value of ¢ is about 1.75. It also appears that some 
of the data must have been taken at discharges below the point 
of maximum efficiency so that the values of « shown would 
not be safe ones if the turbine were operated normally at the usual 
rating of 95 per cent of full gate power or even perhaps at the 
point of best efficiency. With our usual way of rating turbines 
the advisability of adopting such a value of « would be doubtful. 

From the writer’s observations of turbine models under test 
for cavitation, considerable visual cavitation takes place at 
values of « somewhat higher than those corresponding with 
breaks in the unit test curves, designated as critical values. 
Such cavitation will no doubt cause trouble from pitting if the 
critical values are approached too closely. Cavitation model 
tests, of course, give quite valuable information in connection 
with the selection of safe plant values of ¢. However, the test 
results should be applied with a great deal of caution. The 
selection of safe values of o« from model tests is not an exact 
science by any means. It is best to be conservative. 

Some margin in ¢ may be required because of the necessity 
for speed regulation. It is quite conceivable that sufficient dis- 
turbances in pressure may be set up due to movement of the 
wicket gates to necessitate the adoption of values of o higher 
than would otherwise be necessary. 

There seems to be some doubt regarding the effect of physical 
dimensions of the turbine on the critical value of «. There is a 
leaning toward the opinion that a slightly higher o is required 
with larger units to prevent cavitation. This opinion seems to be 
borne out by the recent studies at the Massachusetts Institute of 
Technology where it was found that the severity of cavitation in- 
creases with the physical dimensions. 

Experience has shown that simple and direct water passages 
are preferable to more complicated shapes, particularly for run- 
ners, both from the standpoint of efficiency and cavitation. 
Abrupt changes in curvature and reversal of curvature should be 
avoided. 


F. H. Rogmrs.? The paper presented by Mr. Davis on the 
work earried on in the Holtwood laboratory is an extremely 
interesting one and contributes valuable information to the 
subject of model tests not only for determining efficiency and 
horsepower, but also for obtaining the cavitation characteristics 
of the model unit under the various conditions to be encountered 
in the final installation. 

The Baldwin-Southwark Corporation with which the writer 
is associated has made use of this laboratory in determining the 
cavitation characteristics of several of our model runners, and 
have used the data obtained in these tests in fixing the proper 
setting of the runners with respect to tail water in order to avoid 
cavitation in the field. 

Mr. Davis discusses at length in his paper the effect of step-up 
in efficiency between the model and the prototype, and draws 
attention to the fact that there is no very definite agreement 
among hydraulic engineers as to how this step-up in efficiency is 
to be properly interpreted with regard to the power output. 
Mr. Davis states that there is no information available as to 
whether the increased efficiency is obtained as a result of increased 
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output from the same quantity of water or decreased quantity for 
the same output. 

It is the writer’s belief that the increase in efficiency of the 
prototype is the result of a decrease in the internal loss in head 
due primarily to the larger water passages. On this basis the 
increase in efficiency of the prototype is due to a greater effec- 
tive head causing an increase in the quantity of water but a larger 
increase in the output. 

To determine the relative increase in output as compared to 
quantity, let h = head on model; AA = gain in head on prototype; 
En) Wm) KPm = efficiency, quantity, and output for model; and 
E,, Qy, hDy = efficiency, quantity, and output for prototype. 


Then 
h Ah 


1/. 
h + Ah 


3/9 
h + Ah 
hp, = hon ( h ) 


For the usual small values of Ah, this means that the percentage 
increase in hp will be about three times the percentage increase in 
the quantity of water, and about one and one half times the in- 
crease in efficiency. However, in practice it is sometimes found 
that, although the efficiency of the prototype increases, the out- 
put does not increase in the previously mentioned ratio. This is 
due probably to the fact that the prototype is not an exact 
reproduction of the model unit. Thus, in producing the pattern 
or casting, if the outflow area of the prototype is slightly smaller 
than the area stepped-up from the model, the output of the former 
would be reduced below the expected value. 

The author’s method of comparing cavitation tests on various 
models plotted against unit discharge is of considerable interest 
and the curves for the hypothetical turbine in Figs. 7 and 11 of the 
paper, although as pointed out impossible of attainment, at least 
show the direction for future efforts. 

In discussing Fig. 8 of the paper, where a is plotted against 
specific speed, the author intimates that test D shows substantial 
improvement over the curve plotted by Rogers and Sharp. It 
should be pointed out that these two curves are not directly com- 
parable, for as stated in the paper, curve D is plotted between 
specific speed and critical « for the runner, whereas the curve by 
Rogers and Sharp shows the relation between specific speed and 
plant o. As there should always be a reasonable margin be- 
tween the runner critical « and the plant c, the latter curve if 
drawn for runner o would approach curve D more closely than 
shown in Fig. 8 of the paper. 

This matter of margin to be allowed between runner and plant o 
is a very important one as it affects on one hand the possible 
loss of efficiency and power and pitting if the margin is too small, 
and on the other hand greater expense in excavation if the margin 
is unnecessarily large. Experience alone can answer this ques- 
tion, and it would be of great benefit to both the power companies 
and manufacturers if all available data were published as to 
cavitation tests on models and the performance of the units in 
the field both as to efficiencies and pitting. 

The work carried on by the Holtwood laboratory is of great 
value to the industry and it is hoped that further research along 
these lines will be continued. 


E. Brown. Mr. Davis has described in sufficient detail the 
general procedure followed in determining the cavitation char- 
acteristics of turbine models on which the designs for the Safe 
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Harbor development were based. For the clearer presentation 
of the principles involved in such work, typical curves showing 
efficiency, unit discharge, unit power and cavitation factor ¢, 
in their different relations are given. The break in the ef- 
ficiency, or discharge curves in relation to « is shown to be the 
basic criterion in the interpretation of results. It wouid add to 
the value of the paper if a set of actual curves corresponding to 
the author’s Fig. 3, for a number of gate openings were added, 
showing the individual observations, and the smoothed results. 
Mr. Davis refers to the difficulty in determining the break ex- 
actly, and the writer has experienced the same difficulty in con- 
nection with cavitation tests carried out in the testing laboratory 
of the Shawinigan Water and Power Company at Shawinigan 
Falls. Fig. 3 of the paper shows clearly the general principle 
that as o is progressively decreased, efficiency begins to decrease 
before unit discharge begins to increase. The curves do not, 
however, show the increase in efficiency just before cavitation 
starts, which Mr. Davis submits as an explanation of the differ- 
ence in o values at which the critical breaks occur. The writer’s 
experience has been that sometimes such an increase of efficiency, 
followed by a sharp decrease, occurs at certain gate openings, 
whereas at other gate openings the curves are even more rounded 
than those shown in Fig. 3 of the paper, and show no increase of 
efficiency, but rather a progressive decrease as o is reduced. 
The arrangements at Holtwood are, however, more flexible in 
some respects than those at Shawinigan Falls where the labora- 
tory was established at an earlier date than that at Holtwood. 
Tests involving small variations of s can be made more expedi- 
tiously in the Holtwood plant, and the form of curves of the type 
shown in the author’s Fig. 3 can be more readily explored in the 
vicinity of the breaks. Mr. Davis evidently finds the same 
difficulty at times in determining the breaks as the writer has had, 
although tests have been made at many more values of c. 

The comparison made in Fig. 10 of the paper is not clear to the 
writer. It shows an expectancy curve of power and efficiency 
based on a model test at high o value and with no cavitation, 
and a curve of results of a test of a large unit when operated at a 
low o value. The ¢ values would be the same in each case. 
The efficiencies shown in the former curve must be those of the 
model, or these same values stepped-up by some formula. Else- 
where, Mr. Davis refers to the uncertainty regarding the ap- 
plicability of step-up formulas to values other than the point of 
peak efficiency, but it is only beyond the peak efficiency that the 
curves in Fig. 10 show any divergence. Furthermore, the com- 
parison is made, not by using the efficiencies found by test of the 
model (or those same efficiencies when stepped-up), and the 
efficiencies found in the test of the large unit, but by calling both 
peak efficiencies 100 per cent and expressing efficiencies at other 
loads as percentages of peak efficiency. Here, it appears to the 
writer, there is room for error. The curves in Fig. 10 show a 
divergence, but unless the writer misunderstands the basis of 
comparison, it is not clear that the divergence can be definitely 
attributed to cavitation. Whatever be the effect of increase of 
dimensions, i.e., step-up effect, it is present in the actual unit, 
and therefore present in one of the curves in Fig. 10. Some as- 
sumed step-up effect may be present in the other curve, or else 
model efficiencies alone were used. In either case comparisons 
do not appear to be well justified. Mr. Davis most properly 
regrets the uncertainty attending the use of step-up formulas. 
After all, the term “large” is a relative one. Any service unit is 
but a model of a still larger one, and while acceptable means of 
measuring small quantities of water are available, no such agree- 
ment has been reached regarding the accuracy of measuring 
large quantities. This remains, and is likely to remain, one of 
the difficulties in translating results of model tests into terms 
applicable to much larger units. Until the results of tests on 
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large units are as generally acceptable in regard to their ac- 
curacy as are the results of tests on small models, there can be no 
complete agreement regarding step-up formulas. While marked 
lack of agreement exists, comparisons such as those in Fig. 10 
must not be given undue weight. The curves do not seem to 
show reduction in capacity to which Mr. Davis refers in his text, 
but only reduction in percentage of peak efficiency. The ab- 
scissas show actual turbine output. 

The writer can confirm, at any rate from part of his experience, 
the fact that pitted areas on cast-steel runner blades welded with a 
stainless steel and subsequently ground and polished to a good 
contour, do not subsequently pit so readily as do areas similarly 
located and similarly welded, without subsequent grinding and 
polishing. These were blades of a high-speed propeller unit 
liable to some local cavitation. In another case, not in his own 
experience, but equally well-founded, it was found best to omit 
grinding and polishing after welding. This was in a low-head 
unit about 20 years old, in which cracking of cast-iron blades 
called for repairs. In the former case the trouble probably arose 
from cavitation, and in the latter case from lack of mechanical 
strength. 

Those who have been brought into close contact with the 
problems arising in hydraulic turbines will probably agree that 
water in large bulk is a fickle substance. The success of modern 
turbines of large capacity, particularly those of high specific 
speed has been made possible largely through tests of models. 
At the same time, this increased capacity has limited the number 
of machines which can be tested, thereby affording the desired 
comparisons between model and prototype. Furthermore, the 
difficulty in measuring the quantity of water used in these large 
units has introduced doubts in making such comparisons, and 
has stimulated interest and endeavor in improving methods of 
test. Again, however, units of large capacity, being few and far 
between, and local conditions as to site and general layout being 
very different even in these few cases, questions of the applic- 
ability of particular methods of water measurement under differ- 
ent conditions will arise. The engineer, as usual, has to use his 
best judgment in the interpretation of available (and sometimes 
conflicting) information, and model testing has unquestionably 
proved its usefulness. 


AvutTHoR’s CLOSURB 


Mr. Scoville has added some interesting and useful data, part 
of which are based on tests made at Holtwood after the paper? 
was published. As Mr. Scoville stated, the Bonneville model 
runner was the first to be tested at Holtwood which did not show 
improved cavitation conditions as the speed was reduced. The 
Bonneville design is rather unique in that the range of operating 
values of ¢ straddle the best efficiency ¢. It now seems probable, 
although the proof is not available yet, that the cavitation 
characteristics of a turbine follow the efficiency characteristics 
in relation to variable ¢. 

From Fig. 3 of the discussion, it is evident that it is impossible 
to predict the maximum overspeed of a propeller turbine without 
investigating the effect of variable on overspeed. It is probable 
that the actual overspeed possible on many present propeller 
installations considerably exceeds the estimated overspeed based 
on tests made at values of « much greater than values of plant c. 

Mr. Spannhake’s analysis of the probable effect on discharge 
and power output on the step-up in efficiency from model to 
prototype is most instructive. No doubt a study of available tests 
on prototypes with corresponding data from tests of models 
would yield some very interesting information. 

Miss Soroka has stressed a number of points which must be 
considered in the operation of a low-head unit to insure a rational 
limiting output for all operating conditions. It should be kept 
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in mind that the effect of temperature change on vapor pressure 
is progressively greater as the temperature increases. If the 
maximum water temperature is assumed to be 75 F instead of 
90 F, then the effect on power output, in Miss Soroka’s example, 
is reduced from 1800 hp to about 1000 hp. 

Mr. Sharp is undoubtedly correct in assuming that cavitation 
starts as soon as any of the characteristics of efficiency, power 
or discharge are affected. The one argument which may be cited 
in the favor of the use of the unit-discharge characteristic is that 
it is entirely independent of mechanical troubles such as variable 
friction. Of course, if there is an appreciable discrepancy, the 
more conservative break should be used. The selection of the 
test used for plotting the curves shown in Fig. 3 of the paper was 
rather unfortunate. Under normal circumstances the break in 
the efficiency curve would be used in determining the starting point 
of cavitation when the discrepancy between the breaks is so great, 
but for the series of tests, of which the one referred to is a part, 
the breaks coincide almost exactly at all lower blade angles. 

There can be no question but that the use of the unit horse- 
power as the basis for stepping-up the efficiency is more con- 
servative. For design purposes it is the preferable method, 
although for operating purposes it is probable that the other 
method can be used to economic advantage. 

The first paragraph of the discussion by Mr. Terry may give the 
impression that serious cavitation has been experienced at Safe 
Harbor. The fact is that in relation to an annual output per 
unit of well over 100,000,000 kwhr, the cost of repairs already 
incurred, including any loss due to outage of units, is of very 
minor importance. As stated in the paper, it has been concluded 
that the major portion of the pitting resulted from local cavitation 
induced by irregularities in the blade surface. By careful repair 
work it is felt that the local cavitation has been largely eliminated. 
However, it is true that the experimental work carried on in 
the Holtwood laboratory was of great value in establishing 
operating procedure. Operating load limits were developed 
which insure the same minimum pressure on the suction side 
of the turbine under all head conditions to guard against the 
possibility of operating in the range of cavitation under certain 
conditions of head and being excessively safe under other con- 
ditions. It is certain that if the experimental work had not been 
carried out, the pitting would have been much more serious. 

Mr. Terry is to be thanked for his analysis of the many factors 
which prevent the attainment of the performance of a hypo- 
thetical turbine, as well as for the explanation of the fact that 
Francis turbines approach this ideal more closely than propeller 
turbines. 

In reference to Dean Brown’s question regarding Fig. 10 of 
the paper, it should be pointed out that a step-up formula was 
developed which stepped-up the model data to coincide with the 
efficiency curve of the prototype obtained from a test made under 
normal head conditions. This formula was then used to obtain 
the expected curve with no cavitation shown in Fig. 10 of the 


paper. 


Cause and Prevention of Turbine- 


Blade Deposits’ 


C. R. Soperserc.? Although the scaling of steam turbines 
has been a major problem in power plants for several years, very 
little research work of a fundamental nature has been done so far. 
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1935, issue of the A.S.M.E. Transactions. 

2 Manager, Turbine Engineering Dept., Westinghouse Electric 
and Manufacturing Company, South Philadelphia, Pa. Mem. 
A.S.M.E. 


329 


Therefore, Professor Straub’s paper is of interest to manufactur- 
ers as well as to users of steam turbines. 

The principal reason for the apparent lack of fundamental work 
on the subject is due undoubtedly to the fact that scaling has 
been regarded chiefly as a problem in boiler and plant operation. 
The turbine designer has been concerned principally with solving 
secondary difficulties such as corrosive troubles, and to facilitate 
the removal of scale without permanent injury to the turbine de- 
tails. As a result, there has not been available to the turbine 
designer the same complete statistics on this question as on other 
similar problems. 

The summary of the conclusions reached by the author from a 
study of the available data gives, as a first point, the surprising 
fact that the deposits found are independent of steam pressure or 
temperature. Data which the writer has available do not en- 
tirely support this conclusion. It is true that scaling has been 
recorded at one time or another in all classes of steam conditions, 
but it is the writer’s impression that the tendency is definitely 
much greater for steam pressures above 400 lb per sq in. and tem- 
peratures above 700 F. It would be interesting to have some 
additional comments on this point. 

The mechanism of scaling advanced by the author does not 
violate directly any data available to the writer, except for the 
fact that the percentage of sodium hydroxide found in the scale 
taken from turbine blading is usually very low, and in a few in- 
stances of severe scaling no trace of sodium hydroxide has been 
reported. In those instances, however, the percentage of sodium 
carbonate has been rather high, and it is conceivable that enough 
carbon dioxide has been present, after opening the turbine, to re- 
act with the hydroxide to form carbonate. A definite confirma- 
tion of this fact would be of interest as an additional proof of the 
hydroxide theory. 

The author’s explanation of the stickiness of sodium hydroxide 
is not the only one possible. The melting point of sodium hy- 
droxide is of the order of 600 F and the stickiness might be due to - 
actual melting. The writer regards as significant the fact that 
in his experience scaling normally does not start in the turbine 
at points above 600 F. Exact observations are very difficult be- 
cause the loading schedule of a turbine may vary over the time 
that scaling is normally observed, but there does not seem to be 
any doubt of the existence of a temperature limit in the neigh- 
borhood of 600 F. Further comments on this question would 
be of great interest. 

Regardless of whether or not sodium hydroxide is the only of- 
fender, and regardless of the real cause of the stickiness, there is 
probably unanimity in the conclusion that scaling would not occur 
if the impurities remained as a dry dust. As the expansion pro- 
ceeds to lower temperatures, however, it is entirely probable that 
other constituents than sodium hydroxide become sticky and 
facilitate scaling. In addition, there is the possibility that some 
of the scale is deposited by crystallization in a manner similar to 
that occurring when boiler tubes are scaling. 

Scaling is usually observed at points of highest velocity in the 
blade path, and it has been suggested that the higher the velocity 
the greater the scaling, a conclusion that certainly agrees with 
general experience. It appears more reasonable, however, to as- 
sume that scaling starts in places where the flow may leave the 
walls and form active eddies. With clean blading, this is most 
apt to occur at points of maximum steam velocity. As the scal- 
ing progresses, eddies are formed over larger and larger areas 
and eventually the entire surface of the blade may be covered. 
This particular phenomenon is one that is worthy of further 
investigation. 

Scaling is usually confined to the path of the main steam flow, 
the leakage path seldom showing appreciable deposits. This is 
probably associated with the fact that not enough impurities go 
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through the leakage path to form an appreciable thickness of de- 
posit. 

No fundamental difference has been observed in the deposits 
of stationary nozzles and rotating blading, except where the scale 
on the rotating blades may be thrown off by centrifugal force. 
This rule appears to hold for impulse as well as reaction turbines. 

No consistent difference has been observed with regard to the 
comparative behavior of reaction and impulse turbines. In com- 
bination turbines, the impulse wheel is frequently above the tem- 
perature range when scaling occurs, so that in this class of ma- 
chine the deposits are chiefly confined to the reaction blading. 
However, some of the worst offenders have been machines of the 
impulse type. 

The prevalent method of washing by desuperheating the 
steam has generally worked out well, but the washing procedure 
represents a severe strain on the turbine. Some of the expenses to 
be charged to the scaling trouble are nondescript maintenance 
items, more or less directly traceable to the washing process. 
With the advance toward higher and higher inlet temperatures, 
this washing procedure involves greater risks, and the economical 
incentive for eliminating the impurities in the steam is very 
great. A fair amount of success appears to have been accom- 
plished with steam purifiers between the boiler and the super- 
heater, and it is to be hoped that this method will eventually be- 
come universal. In the meantime, the writer hopes that the 
valuable results obtained by the author will find application in 
the power industry. 


G. B. Warren.’ One of the important elements of steam- 
turbine operation has been investigated by the author and the 
writer believes that the results will aid in a more complete solu- 
tion of the problem involving turbine-blade deposits. The 
writer has not had an opportunity to attempt to correlate the 
author’s principles with the observed occurrence of the deposits 

.as noted in turbines open for inspection. It is quite probable 
that there are not sufficient data on which a complete correlation 
could be based. From the writer’s recollection of these deposits 
and the general way in which they occur, he is inclined to think, 
however, that the condition of the expanding steam through the 
turbine may have an appreciable effect upon the way in which 
the deposits occur; and that, therefore, the author’s experimental 
investigation, covering as it does the conditions in one stage only, 
may not completely reflect the situation which exists in a turbine. 
The writer is not certain on this point and merely expresses a 
doubt because it has been observed frequently that the deposits 
may occur suddenly in a t_rdine at a particular stage. Some- 
times one or two stages alone will carry deposits while the pre- 
vious stages and the succeeding stages will be relatively clean. 
This condition has been particularly marked in some installa- 
tions where high initial pressure and high back pressures are used. 
The latter stages in these machines have sometimes been affected. 
In this case, of course, not only is the capacity of the machine 
affected so far as steam flow is concerned, but also the distribu- 
tion of energy through the machine is very greatly modified and 
the efficiency reduced. This situation of deposit lower down in 
a machine has been so marked in certain cases as to lead some 
engineers to believe that it occurs during expansion when the 
steam reaches a temperature close to its original boiling point in 
the boiler. 

The writer would like to suggest to the author that a fruitful 
method of further investigation might be to extend the investiga- 
tions mentioned in the early part of the paper and to attempt to 
collect from an even larger number of power stations their experi- 
ence with deposits, taking both those stations which have and 
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have not observed deposits, and attempt from these data to corre- 
late the relationship between the place where deposits occur, the 
severity of the deposits, the general load conditions through 
which the turbines operate, feedwater analysis and treatment, 
and the pressure and temperature at which the stations operate. 
Particular attention might be paid to those stations where the de- 
posits by one method or another have been reduced. The writer 
believes that such an analysis might increase vastly the useful- 
ness of the information already obtained and definitely determine 
whether or not the present investigation has gone far enough to 
cover all the types of cases that may be encountered and whether 
the suggested remedy will take care of the situation. 

In this connection, the writer would also suggest that not only 
should condensing stations be considered where the feedwater 
make-up is relatively low and either well treated or evaporated, 
but that also there be included in this investigation a number of 
stations of the industrial or noncondensing type in which the per- 
centage of new make-up is high, sometimes running from 40 to 
100 per cent. This type of station is becoming of increasing im- 
portance and a feedwater treatment which will permit the safe 
operation of turbines at high pressures and temperatures and 
without the energy loss and high investment resulting from the 
use of evaporators as at present between the exhaust of the tur- 
bine and the industrial steam supply should certainly be of ma- 
terial value. 


F. Micueu.‘ It may be of interest to know that investiga- 
tions made by the Siemens-Schuckertwerke, in Berlin, Germany, 
in connection with the Benson boiler showed results quite similar 
to the research work of Professor Straub on turbine-blade de- 
posits. The performance of the Benson boiler in that respect 
seems to be the same as, or even better than, that of the conven- 
tional boiler. It was found also that sodium hydroxide was the 
principal offender, especially when in combination with silicate. 

Professor Straub’s Fig. 1 shows that with 600 lb per sq in. 
pressure at 700 F, the concentration of the caustic would com- 
prise approximately 80 per cent NaOH and the remainder 20 per 
cent water. Apparently, this forms a pasty or semifluid mass, 
which tends to stick to the blades. The writer believes that the 
melting point of sodium hydroxide should be considered in this 
connection. Under atmospheric pressure, this point is 604 F. 
Forgetting the probably small influence of pressure on the melt- 
ing point, we can assume that above 604 F, droplets of a sodium- 
hydroxide solution carried over into the superheater will always 
be in the liquid state, regardless of the extent of the caustic con- 
centration. 

Furthermore, it is important to note that salts, like alloys, 
form eutectic mixtures. For instance, a mixture of 83 per cent 
sodium hydroxide and 17 per cent sodium carbonate has a melt- 
ing point as low as 536 F, whereas sodium carbonate alone melts 
at 1570 F, and sodium hydroxide, as previously stated, at 604 F. 
Considering the multiplicity of salts present in the boiler feed- 
water in varying proportions, the effect of eutectic mixtures 
opens a wide range of possibilities. How far-reaching they may 
be is not yet known. 

Such salts carried over in solution from the boiler will lose, 
partially or entirely, their moisture content in the superheater. 
The remainder will pass through the superheater and into the tur- 
bine ina liquid state either as droplets or as a film on the superheater 
walls. The salts may deposit on the turbine blades as soon as 
the temperature becomes low enough for solidification to occur. 
There may be other salts which will pass the superheater and into 
the turbine as dry dust, which may be included in the solidifying 
mass in a similar way to that which Professor Straub has pointed 
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out. Different deposits in different stages of the turbine can be 
explained by the different melting points of the salts or salt mix- 
tures passing through the turbine. 

The writer’s discussion should be regarded as somewhat hypo- 
thetical, because the phenomenon referred to has not been fully 
demonstrated. The discussion is intended to amplify the au- 
thor’s conclusions, particularly in cases of temperatures higher 
than the melting points of the salts in question. 


T. C. Ratusone.® Although the chief complaint chargeable 
to blade deposits is the reduction in capacity and efficiency, at- 
tention is also called to the fact that severe deposits have caused 
blade wrecks and thrust-bearing failures. 

The author refers to the process of blade washing in such a way 
as to infer that it is a common routine practice. Lest operators 
who have had no previous experience with the practice assume 
that it can be carried out with impunity, the writer would like to 
sound a warning here that the operation can be very hazardous 
if certain precautions are not observed. 

The modern steam turbine operates at large temperature dif- 
ferentials within its parts, and running clearances are held to the 
very minimum in the urge for efficiency. Sudden contractions 
of portions of the turbine, brought about by excess of water in 
desuperheating, have caused major damage such as wrecking of 
packing and blading, and permanent distortion of the rotor. 

The individual manufacturer should be consulted before at- 
tempting this process, and his suggestions as to method of intro- 
ducing the water, installing temperature-recording instruments, 
and controlling the rate of desuperheating should be followed 
faithfully. 


M. K. Drewry.® The utility of the paper by Professor Straub 
marks it as an unusually desirable one. Though necessarily of 
theoretical and experimental nature, the subject has been treated 
in a thoroughly practical manner. The paper should assist 
greatly in reducing a waste which is elusive, often unsuspected, 
and not easily corrected. 


The Correlation of Spring- Wire Bend- 
ing and Torsion Fatigue Tests’ 


H. J. Frencu.? In this paper the author refers to delayed 
fractures in hardened, also hardened and slightly tempered steels, 
discussed in the Campbell lecture* given by the writer in 1933, 
and he states: “The steels were all nickel steels and delayed 
fractures were observed at hardnesses above the range 45 to 50 
on the Rockwell C scale, but not at lower hardnesses. No men- 
tion of the same effect in straight carbon steels was found in the 
literature.” 

This statement by the author is incorrect, because the 
plain carbon steels were shown in the paper mentioned, to be 
equally susceptible to the phenomenon of delayed fractures in 
fatigue tests. In Table 1 of the writer’s paper* there is a foot- 
note listing the steels in which delayed fractures were observed. 
This list included a plain 0.87 per cent carbon steel. 

From a purely metallurgical viewpoint, the writer would expect 
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this phenomenon to be more prevalent in carbon steels than in 
alloy steels. 

These facts are called to the attention of the author to 
avoid misinterpretation of the author’s reference to delayed 
fractures. 


AuTHoR’s CLOSURE 


The author wishes to thank Mr. H. J. French for calling atten- 
tion to his reference to the occurrence of delayed fractures in 
straight carbon steels which inadvertently had been overlooked. 


Evaluation of Effective Radiant Heat- 
ing Surface and Application of 
Stefan-Boltzmann Law to Heat 
Absorption in Boiler Furnaces’ 


C. F. Scumarsn.? The concept of the effective radiant heating 
surface discussed in this paper is useful in the computation of 
heat transfer by radiation. It depends, however, upon a number 
of factors which must be carefully evaluated, and few data are 
available at present for the proper evaluation of the slag factor 
F,and the average conductivity factor Fe. 

From the data given by the author in Table 6, there have 
been computed slag factors of Fs = 0.88 and F's = 0.78 for 
tubes 55 per cent and 100 per cent, respectively, covered with 
slag */, in. in thickness. It appears to the writer that these 
factors might be somewhat high, inasmuch as they were obtained 
on a basis of equal boiler outputs. Since the slag factor is one 
of the factors which must be multiplied by the radiation inten- 
sity, it seems that it should be determined on a basis of equal 
radiation intensities, rather than equal boiler outputs. On 
this basis the slag factors would be lower than those which have 
been computed, inasmuch as for a given boiler loading the radia- 
tion intensity in the furnace cavity increases with the dirtiness 
of the waterwalls. 

The results of some experimental determinations of the effect 
of slag on radiant-heat transfer to a steel surface have been 
reported in the addenda to a recent paper* on radiation intensi- 
ties. These results have been expressed in the form of the 
equation 


0/1 = 0S72(L 0 SD ante 1] 


in which X is the rate of heat absorption by radiation at the test 
surface, Btu per sq ft per hr; J is the radiation intensity, Btu 
per sq ft per hr; and D is the fraction of the steel surface covered 
with slag or ash. 

To make comparisons with the present work,’ we have 


Fs = 1—0.8D 


as the average slag factor for ash and slag coverings 3/1, in. to 
13/4 in. in thickness. It was found that this factor did not 
vary much with the thickness of the coverings; so for the range 
of thicknesses usually occurring in boiler furnaces, this average 
value may be used. This equation gives P's = 0.56, when D = 
0.55, and Fg = 0.20 when D = 1.00. These values are some- 


1 Published as paper RP-57-2, by H. F. Mullikin, in the November, 
1935, issue of the A.S.M.E. Transactions. 

2 Assistant Fuel Engineer, Battelle Memorial Institute, Columbus, 
Ohio. Jun. A.S.M.E. 

3 Discussion of ‘‘Radiation Intensities and Heat Transfer by 
Radiation in Boiler Furnaces,” by H. O. Croft and C. F. Schmarje, 
Trans. A.S.M.E., vol. 58, no. 2, February, 1936, pp. 117-122. 

4“Radiation Intensities and Heat Transfer by Radiation in 
Boiler Furnaces,” by H. O. Croft and Cc. F. Schmarje, Trans. 
A.S.M.E., vol. 57, no. 3, 1935, paper FSP-57-4, pp. 105-113. 
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what lower than those computed from the data in Table 6 of 
the paper. 

The method of computing heat absorption outlined in this 
paper is much the same as that proposed by DeBaufre.’ In 
both papers, attempts are made to use the furnace-outlet tem- 
perature in the Stefan-Boltzmann law. The Mullikin paper?! 
uses an “effective heating surface” instead of DeBaufre’s “effec- 
tiveness factor.” Both apparently assume the heat transfer by 
convection to the cold surfaces in the furnace to be negligible. 
Actually, this may not always be true, in which case it would 
be unsound to make use of the Stefan-Boltzmann law for com- 
puting the total heat absorption by radiation and convection to 
the cold surfaces in the furnace. Even though the Stefan- 
Boltzmann law were the proper one to employ in the computa- 
tion of heat transfer by radiation, the selection of the furnace- 
outlet temperature as the mean radiating temperature may not 
always be correct. 

A method of attack has been suggested‘ which does not involve 
the selection of the mean radiating temperature. By this 
method‘ the experimental procedure consists in measuring the 
intensity of radiation at the furnace walls. The mean radiation 
intensity thus found, multiplied by the “effective radiant heating 
surface” yields the rate of heat transfer by radiation. As a 
result of a series of measurements of radiation intensities at the 
furnace walls during a group of boiler tests, an equation has been 
derived for computing the mean radiation intensity in terms of 
the various operating conditions. Similar measurements on 
different types of furnaces may be expected to yield results 
which will aid in the computation of the mean radiation inten- 
sity in most boiler furnaces. 


W. L. DeBaurre.§ In 1926 the writer reported’ on the 
performance of a steam generator with a completely water-cooled 
furnace and used therein the Stefan-Boltzmann radiation law 
based on the furnace-outlet temperature but realized when he 
did so that a number of errors were involved. The formula 


used was 
sol ——_ = 
~ F {| \1000 1000 


where R = heat radiated, Btu per Ib of fuel fired; F = fuel 
fired, Ib per hr per sq ft of water-cooled surface exposed to radia- 
tion; and E = effectiveness factor of the water-cooled surface. 
This formula is similar to the author’s Equation [3]. 

The writer has since replaced F in the foregoing equation by 
its reciprocal S, where S = sq ft of water-cooled surface per lb 
of fuel fired per hr. This substitution simplifies the considera- 
tion of various kinds and arrangements of heating surfaces Si, 
S2, S3, etc., with different effectiveness factors H,, Ho, Es, ete. 
The foregoing formula then becomes 


Ta : Ts 
R = (iS: + EoS: + ESs + ete.) | \ T5595) —\Gooo 


The area of each kind of heat-absorbing surface provided per 
pound of coal fired per hour is thus multiplied by a factor repre- 
senting its effectiveness in absorbing heat and the resulting 
products are added to obtain the coefficient of the temperature 
term. 

A number of calculations are now being made by the writer 
preparatory to the plotting of curves which will enable one to 


5 ‘Heat Absorption in Water-Cooled Furnaces,” by W. L. De 
Baufre, Trans. A.S.M.E., vol. 53, 1931, paper FSP-53-19a, pp. 253- 
264. 

6 Professor of Engineering Mechanics, University of Nebraska, 
Lincoln, Neb. Mem. A.S.M.E. 
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obtain with very little calculation the furnace-outlet tempera- 
ture for a number of typical fuels. In using these curves, it 
will simply be necessary to calculate the areas of the various 
heat-absorbing surfaces and then multiply each area by its 
effectiveness factor in order to obtain a summation of the prod- 
ucts for picking the furnace-outlet temperature from a family 
of curves corresponding to items such as preheated-air tempera- 
ture and percentage of excess air. 

A nearly correct determination of the furnace-outlet tempera- 
ture is particularly important in designing high-temperature 
steam superheaters now coming into use. For determining the 
efficiency of the complete boiler unit with air heater, the correct 
determination of the furnace-outlet temperature is not nearly so 
important because an appreciable error in that temperature 
results in but a small error in the stack temperature. 

Whatever method of calculation be used for predetermining 
the furnace-outlet temperature, good judgment is required in 
allowing for the character of such items as the fuel, the method 
of combustion, and the cleanliness of the heat-absorbing surfaces. 
For this reason, the writer prefers to use effectiveness factors 
for various types of heating surfaces because of his opinion that 
“effectiveness factor’’ is a more tangible conception for engineers 
to work with than ratios of the heat absorbed to the heating 
value of the fuel for different constructions and methods of 
operation. 

(Discussion following was presented jointly with the discussion 
of the paper by W. J. Wohlenberg and H. F. Mullikin.’) 


C. W. Gorpon.® Writing from the designer’s point of view, 
and also as one who has been associated with the authors in 
compiling the data for these papers,!7 the writer believes that 
the basic data are sound and that the experimental data are the 
most comprehensive and most accurate ever presented on this 
subject, therefore making them of real practical value. 

With reference to superheater performance, it is thought 
generally that only one set of conditions will give the desired 
performance. Fortunately this is not the case. The final tem- 
perature obtained is the result of the influence of many plus. 
and minus factors. Obviously, more than one set of conditions. 
will give the desired result. It is not conceivable that the de- 
signer will estimate accurately all of the many variables involved. 
It is, however, of primary importance to estimate accurately the: 
temperatures of the gas entering the superheater zone. It is a. 
relatively easy matter to calculate the drop in gas temperatures: 
through the boiler heating surface between the furnace outlet. 
and the superheater zone. The calculation of the furnace-exhaust. 
temperature is, then, of primary importance to the superheater- 
designer. 

In the past, the company with which the writer is affiliated 
has carefully considered every new method advanced. Some- 
of these methods multiplied by the “factor of uncertainty” and. 
generously modified by experience have given very good results. 
The personal favorite of the writer for pulverized-coal firing has: 
been the Hudson formula as modified by Orrok. Experience,. 
however, indicates that the constant 27 used in that formula is: 
by no means a constant and should be modified for different 
firing methods. The constant of 27 is satisfactory for Lopulco 
firing. The writer’s experience indicates that it should be- 
increased to 31 for horizontal firing and to 35 for tangential 
firing. We have used a simple correction for type and cleanli-- 
ness of the radiant heating surface. 


7**Review of Methods of Computing Heat Absorption in Boiler- 
Furnaces,’’ by W. J. Wohlenberg and H. F. Mullikin, Trans. A.S.M.E., 
vol. 57, 1935, paper RP-57-3, pp. 531-540. 

8 Advisory Engineer, The Superheater Company, East Chicago,. 
Ind. Mem. A.S.M.E. 
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The practical designer is confounded from time to time with ~ 


“mystery” installations which give results abnormally high or 
low. His critics simply say that he has made a bad guess. 
There is an explanation to every mystery, but many of these are 
locked in the unknown mechanisms of radiant-heat absorption. 
The papers'? under discussion make no attempt to solve the 
problem from that angle. These papers do give us a refined 
method of evaluating all known factors and will, therefore, apply 
to 90 per cent of the problems. From the laboratory of the 
’ physicist will come the basic data which will show the limitations 
of empirical methods and supply the solution to the “mystery” 
installations. 


(Discussion following was presented jointly with the discussion of 
the paper by W. J. Wohlenberg and H. F. Mullikin’ and the 
paper by W. J. Wohlenberg, H. F. Mullikin, W. H. Armacost, 
and C. W. Gordon.®) 


R. A. SHerman.!° The authors of the last of the three pa- 
pers!'”,° under discussion are to be commended for the successful 
application of the velocity thermocouple to the measurement of 
exit-gas temperatures because of the known inaccuracy of the 
ordinary exposed thermocouple when used in the proximity of 
surfaces at temperatures greatly different from that of the gas. 

When, however, one studies the drawings of the furnaces 
shown in the paper? and notes the points at which the tempera- 
tures of the exit gases were measured, one wonders whether the 
temperatures obtained were within the limits of accuracy of 
+50 F which the authors estimate. 

The authors discuss their inability to penetrate further than 
7 ft into the gas stream and their conclusions that this was far 
enough to obtain average temperatures. But it will be noted 
that in none of the 10 boilers studied was the exit temperature 
taken from more than one point in the wall. The writer would 
question seriously what assurance there was that the tempera- 
tures measured from this observation point were the average of 
the plane which was undoubtedly up to 20 to 25 ft square. 

In view of the great amount of work done, it seems unfortunate 
that the plane of the exit was not more thoroughly surveyed. 
Perhaps the authors have data on this point which were not 
included because of space limitations. 

Accepting these values and the furnace heat balances computed 
from them as correct or at least comparable as Wohlenberg and 
Mullikin have in the other two papers,!” it is indeed surprising 
that the four methods, of which three are frankly empirical and 
the fourth fundamental, should check so closely. 

The Broido and Orrok methods do not involve the use of the 
furnace-exit temperature directly but the Wohlenberg method 
and the application of the Stefan-Boltzmann law proposed by 
Mullikin do and it appears to the writer that their assumption 
of the exit-gas temperature as the mean radiating temperature 
is a fundamental error. Undoubtedly it is possible to use this 
value and adjust other factors to give the proper result for similar 
furnaces just as it would be possible to use the exit-gas tempera- 
ture instead of a mean temperature in a problem of heat transfer 
by convection if the coefficients were suitably increased. How- 
ever, when the derived formulas were applied to conditions some- 
what different they would probably fail of application. It is 
in the unusual cases that an accurate method for calculation of 
the expected heat transfer is essential; for ordinary cases past 
experience is generally enough. 


9 “An Experimental Investigation of Heat Absorption in Boiler 
Furnaces,” by W. J. Wohlenberg, H. F. Mullikin, W. H. Armacost, 
and C. W. Gordon, Trans. A.S.M.E., vol. 57, 1935, paper RP-57-4, 
pp. 541-554. 

10 Fuel Engineer, Battelle Memorial Institute, Columbus, Ohio. 
Mem. A.S.M.E. 
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The method used by Eberhardt and Hottel'' seems quite 
logical. They calculate the radiation temperature as the mean 
of the theoretical flame temperature, corrected for dissociation, 
and the exit temperature. This method, while somewhat more 
complicated mathematically does not introduce another un- 
known into the calculation, nor will it involve the use of false 
emissivity values, which may be greater than 1, that the use of 
the low exit temperature is bound to do. 

One of the most difficult of the factors for evaluation is that 
of the effect of slag accumulation on the radiant heating surfaces. 
Obviously the effect of the accumulation of 1/2 in. of slag over 
the entire surface is different from that of 1 in. over one half the 
surface. Furthermore, the character of the accumulation, 
whether a loosely sintered mass or a thoroughly fused slag, 
undoubtedly affects the extent of reduction of heat transfer. 

Mullikin has attempted! to develop a correction factor for 
slag accumulation from a limited amount of data. He has 
shown, himself, that the relation is incorrect and reduces to 
absurdity in that it becomes greater than 1 for certain slag 
accumulation. The form of this relation should be such that 
the stoppage of radiation by slag accumulation shall approach 
1 as a limit. 


AvuTHOR’s CLOSURE 


Theoretically as Mr. Schmarje points out the slag factors should 
be compared on the basis of equal radiation intensities rather than 
equal boiler loads but the accuracy of the data hardly justifies 
this refinement. It is freely admitted that the data upon which 
this factor may be based are quite unsatisfactory. 

A number of variable conditions affect the slag factor such as 
furnace temperature and emissivity as well as the conductivity of 
the slag which depends on its density and composition. These 
variables should be taken into account in addition to the thickness 
and fraction of bare surface slagged, which were the only two 
considered in the paper. To do this requires rather extensive 
data of a fair order of accuracy which, as far as the author has 
been able to discover does not exist at the present. It would not 
appear possible to obtain this data without considerable experi- 
mental investigation. 

This slag factor should take into account reduction in heat 
transmission due to all forms of slag in a general sense. This 
includes coatings of varying thicknesses of powder-like dust, 
light powdered ash, hard-caked slag, and fused glass-like slag. 
It would appear that a coating of light dust would cause a smaller 
reduction in heat transfer than a thick mass of slag. For this 
reason it is believed that the slag factor must be a function of 
thickness. Reference to the determination of radiant heating 
surface for the various furnaces given in the Radiation Committee 
Report? as tabulated in Table 4 of the paper “Review of Methods 
of Computing Heat Absorption in Boiler Furnaces”? will show 
that an F's factor of 0.96 has been used for a number of surfaces. 
This value corresponds to a thickness of 0.125 in. taken as a 
minimum thickness of “slag.” The deposit on the wall for a 
number of these cases consisted of a light layer of dust, yet it 
was deemed desirable to make some reduction in the value of the 
slag factor due to this dust. 

The author wishes to state once again his opinion that the 
reduction of various types of exposed furnace heating surfaces 
to a standard unit basis, taking into account slagging or its 
equivalent, represents at least one half of the furnace heat- 
absorption problem. One may also state that the radiation side 
has been emphasized in the literature far more than the evaluation 
of the radiant heating surface. It should be possible to reach a 

11 “Feat Transmission in Steel-Reheating Furnaces,’ by J. E. 


Eberhardt and H. C. Hottel, Trans. A.S.M.E., vol. 58, no. 3, April, 
1936, paper PRO-58-1, pp. 185-193. 
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better agreement since the estimation of the radiant heating ° 


surface ought to be independent of the method used to calculate 
radiation to this surface. 

The problem of furnace convection has been treated in the 
earlier Wohlenberg papers (see bibliography of Radiation Com- 
mittee Report’). Based on practical experience, combined with 
theoretical considerations, the author does not believe that con- 
vection amounts to more than 5 per cent of the furnace heat 
transfer in large approximately cubical furnaces having no ap- 
preciable direct flame impingement. As such, it is best included 
in the radiation heat-transfer constants. 

The solution of the furnace heat-transfer problem through 
measurement of the intensity of 1adiation directed toward any 
furnace surface has a disadvantage in that it is indirect. It is 
necessary to estimate the fraction of this avaiJable radiant heat 
(presumably of different radiation intensity at different parts of 
the furnace surface) absorbed at each kind of furnace-wall sur- 
face. It is then necessary to calculate the furnace-exit tempera- 
ture. Since it is the furnace-exit temperature in which the 
designer is primarily interested, a direct measurement of this 
value by the high-velocity thermocouple gives a result for any 
particular furnace, which, as far as experimental procedure is 
concerned, does not depend upon further calculation. The 
designer can, in a number of cases, compare the measured furnace- 
exit temperatures for various approximately similar furnaces and 
estimate the probable furnace-exit temperature for a new unit 
directly. Thus a more or less complicated calculation procedure 
may be dispensed with entirely or if used may be checked. 

If the “mean radiating furnace temperature” is arbitrarily 
taken as the furnace-exit temperature its value is definite. It 
would not appear any more difficult to fix furnace emissivity as 
a function of furnace characteristics than, as Mr. Schmarje has 
done,‘ to fix the furnace average intensity of radiation as a func- 
tion of furnace characteristics. 

The method given by the author is similar to that of Mr. 
DeBaufre® presented in an earlier paper, in that use is made of 
the Stefan-Boltzmann law. Results by Mr. DeBaufre’s sug- 
gested method of attack were not obtained since the proper 
values of the effectiveness factor H# for various conditions did 
not appear to be given definitely enough to enable quantitative 
calculations to be made. Mr. DeBaufre’s new paper is awaited 
with interest. 

Mr. Gordon’s discussion of the occasional “mystery furnace’ 
indicates the great danger of using data from a single unit upon 
which to base generalized furnace heat-transfer calculation 
constants. 

Referring to Mr. Sherman’s comments on gas-temperature 
measurements, it was possible in all cases to swing the tip of the 
7-ft high-velocity thermocouple inserted at various depths up 
to 7 ft through an are of nearly 90 deg. In this manner a sub- 
stantially large proportion of the furnace-exit plane was within 
reach of the high-velocity thermocouple tip. This was done in 
the case of all the units tested and it was confirmed repeatedly 
that the gas temperature at various points showed no discernible 
temperature gradient to within 20 in. of the wall. 

The slag factor is discussed in the reply to Mr. Schmarje. 

Mr. Sherman, as well as several of the other discussers, has 
commented on the difference between the true mean radiating 
furnace temperature and the furnace-exit temperature. 

Doubtless considerable confusion in regard to this point has 
been fostered by various investigators in the literature who have, 
without discussion or proof, taken the furnace-exit temperature 
as the mean radiating furnace temperature. Because the differ- 
ence between these two temperatures was not pointed out, the 
two terms are often indiscriminately used one for the other; this 
usage being justifiable only under certain conditions. 
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The author has mentioned this in some measure on page 520 of 
the paper under discussion where the statement is made ‘For 
purposes of simplification...... fhe te is taken equal to the 
furnace-exit temperature rather than a possibly higher mean 
radiating furnace temperature.’’ Space considerations preclude 
a more complete analysis of the actual furnace temperature 
distribution, which may perhaps be treated in a future paper. 
Some qualitative comments however are desirable. 

Based on the author’s experience there seems to be no great 
difference between the total radiation to the furnace walls from 
a luminous flame and from a nonluminous flame as far as large 
approximately cubical furnaces are concerned. This statement 
is made with full recognition that various laboratory investiga- 
tions have apparently indicated otherwise. It appears that a 
change from one type of flame to the other in a given furnace 
would merely alter the local radiation distribution rather than 
the total radiation to the walls. Thus in a nonluminous-flame 
gas-fired or oil-fired furnace combustion is nearly instantaneous 
with a somewhat hotter region of gases near the entrance. It 
is not believed that the adiabatic or theoretical combustion 
temperature is reached due to loss of heat by radiation from this 
zone not only to the walls but to lower-temperature gases in the 
furnace. In other words gas interradiation will lower the combus- 
tion-zone temperature although there is no doubt that this 
region is at a somewhat higher temperature than the gases in the 
remainder of the furnace. 

On the other hand in a luminous-flame gas-fired or oil-fired 
furnace or in a furnace burning pulverized fuel the liberation of 
the heat obtained from combustion is more uniform, with the 
result that the furnace gases reach a still closer temperature 
equality. 

The foregoing conclusions apply only to approximately cubical 
furnaces such as those of the A.S.M.E. Radiation Committee 
Report. Long rectangular duct-like furnaces such as the steel- 
reheating furnaces described by Eberhardt and Hottel!! have a 
considerable temperature gradient between the zone of active 
combustion in the front of the furnace and the gases in the rear 
part of the furnace. In a long fire-tube surface-combustion type 
of combined furnace and boiler (see recent article in Power! for 
typical example) an extreme condition is reached in which the 
furnace has become a long tube with high temperatures at the 
burner end and low temperatures at the furnace- (boiler-) exit 
end. 

For elongated furnaces, for which the author does not recom- 
mend his treatment at present, it seems quite reasonable that 
some temperature between the adiabatic combustion temperature 
and the furnace-exit temperature should be used for furnace 
heat-transfer calculations. 

On the other hand, in approximately cubical steam-boilet 
furnaces a different temperature treatment seems justified. 

The mean furnace radiating temperature may be defined as. 
that (mathematically conceived) uniform temperature which a 
body, similar in radiating characteristics to the gaseous and solid 
material in the furnace, would have if it replaced this material. 
The furnace-exit temperature is simply the mean temperature of 
the gases leaving the furnace. 

If all of the contents of the furnace were at the same tem- 
perature, the two temperatures just defined would be equal. 
Actually, the problem is complicated by somewhat higher tem- 
peratures in the active combustion zone as well as by dead zones 
in which the temperature may be lower than the furnace-exit 
temperature. The actual temperature distribution in the furnace 
is a function of many factors and is so complicated in nature that 
it almost defies analysis if we are to be concerned with temperature 


12 “Tt’s a Boiler,”? Anon., Power, vol. 80, no. 3, March, 1936, 
p. 153. 
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differences of the order of say 25 F. About the only conclusion 
that can be derived is that the mean radiating furnace tempera- 
ture is, in general, somewhat higher than the furnace-exit tem- 
perature. In the author’s present opinion this difference ordina- 
rily ranges from zero or a few degrees for pulverized-fuel firing to 
possibly one or two hundred degrees in the case of nonluminous- 
gas firing. 

The furnace-exit temperature is fixed. By “fixed” is meant 

that the furnace-exit temperature is rigorously defined in relation 
’ to the amount of heat removed from the gases in the furnace. 
The mean radiating furnace temperature is a variable dependent 
upon a great number of conditions. Although we do not know 
definitely the value of the mean radiating furnace temperature 
we must assume some value for it, adjusting our radiation con- 
stants for the various types of furnaces and firing to take into 
account the divergence of the assumed mean radiating furnace 
temperature from the true value. If this be so, it seems just as 
reasonable and considerably more simple to take the fixed furnace- 
exit temperature by arbitrary definition as the mean radiating 
furnace temperature to which practical experience shows it is 
frequently close, than to take any other arbitrarily defined 
temperature between adiabatic combustion temperature and 
furnace-exit temperature. 

Professor Hottel has kindly pointed out that in the authors’ 
Fig. 21 of the study of the effect of combustion conditions on 
furnace-outlet temperature, the Stefan-Boltzmann law has been 
applied to an extremely long furnace of 200 ft in length. 

The present attack based on this law has only been checked 
against approximately cubical furnaces. Also it is undoubtedly 
incorrect to use the furnace-outlet temperature as equal to the 
mean radiating furnace temperature in the case of long narrow 
furnaces. For these two reasons the author’s extrapolation to 
200-ft long furnaces in Fig. 21 is unwarranted as far as quantita- 
tive accuracy is concerned. Figs. 17 to 26 of the paper were 
intended to show qualitative trends as tabulated in Table 5 
and while Fig. 21 is probably not numerically valid it is believed 
that the trend is correct. 

The furnace volume indicated in Figs. 20 and 26 is of course 
in thousands of cubic feet. 

The author wishes to emphasize that Figs. 17 to 26 are not to 
be used to obtain numerical values. The K, correction factors 
were not applied in obtaining these results. Extrapolation was 
likewise made beyond the recommended limits for the author’s 
method. The method should be limited to approximately cubical 
furnaces of a size not less than the furnaces (5000 cu ft) of the 
A.S.M.E. Committee report until the method can be checked 
against small-furnace experimental data. 

The expression “apparent emissivity values’’ is preferred .to 
the expression “false emissivity values” which is used by Mr. 
Sherman. 

Since the “true” emissivity although rigorously defined cannot 
be always found quantitatively, the author cannot see avy real 
objection to the use of the expression “‘apparent emissivity based 
on furnace-exit temperature.’ This expression is quite descrip- 
tive of the nature of the quantity. The desirability of inventing 
a new expression merely because the numerical value may prove 
to be somewhat greater than unity, appears to the author to be 
questionable. 

It is probably’ evident that the word “consumption” in the 
caption to Fig. 4 of the paper should have read “combustion.” 
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Review of Methods of Computing 
Heat Absorption in Boiler 


Furnaces’ 


W. H. Nevsecx.? The engineer is confronted with three 
major problems when designing a furnace. These are (1) the 
providing of a furnace volume which will fit the available space 
and the furnishing of the necessary space for the proper combus- 
tion of the fuel used; (2) the maintenance of a proper furnace 
{emperature for maximum efficiency and operation; and (3) the 
designing of an enclosure which will give maximum returns for 
materials used. The variables entering into the first of these 
problems are mostly out of the designer’s control inasmuch as 
they depend on the circumstances surrounding the installation 
and on the fuel and burning equipment used. There are suc- 
cessful installations with heat releases of 100,000 Btu per cu ft or 
more while on the other hand there are unsuccessful installations 
with heat releases of 10,000 Btu per cu ft. The reason for this 
fact may be determined in the future. 

Since furnace volume is decided by factors not controlled by the 
designer, but is dictated by experience with the fuel and burning 
equipment, furnace heat release per cubic foot therefore is not a 
measure of safe design. In other words, with the right kind of 
burning equipment and control, there is no upper limit to the 
heat release which rhay be obtained as is indicated by releases 
over 1,000,000 Btu obtained by some investigators. Thus, heat 
release per cubic foot of furnace volume, if evenly delivered, has 
no bearing on furnace design. The shape of the furnace has a 
bearing on furnace temperature, but careful checking of available 
data indicates that for shapes met in standard designs this effect 
may be ignored in temperature calculations. From this method 
of reasoning, it would seem that furnace temperature is reason- 
ably independent of furnace volume, heat release, and furnace 
shape. This has been borne out by the writer’s experiences and 
can be checked from tests referred to in the paper under discus-* 
sion. 

The second and third problems previously mentioned are not 
disposed of so easily because furnace temperature plays an im- 
portant part in each. In the second problem, this is a fact be- 
cause ash fusion is a factor in the maintenance of a proper furnace 
temperature for maximum efficiency and operation. It is 
equally true in the third problem because the temperature is ob- 
viously a controlling factor in the maximum heat abuse which 
modern materials and combinations can withstand. It is be- 
cause of these factors that furnace temperature control has be- 
come the major problem of the furnace designer. 

Engineers in general agree on the need for temperature con- 
trol. However, the method of solving the problem and the labor 
involved in doing so is open to discussion and the following com- 
ments are the writer’s views on this phase of the subject. 

In solving the problem, the designer has available only in- 
formation as to the total heat release. If coal is the fuel used, 
the fusion temperature of the ash sets the maximum furnace 
temperature which can be maintained with the given heat re- 
lease. If other fuels are used, the maximum temperature be- 
comes an economic problem involving the construction costs of 
the various surfaces. While these reasons enter into the problem 
of furnace design, they are both economic in nature and will not 
be discussed further. They do, however, set the maximum tem- 
perature. The determination of this temperature to as close an 


1 Published as paper RP-57-3, by W. J. Wohlenberg and H. F. 
Mullikin, in the November, 1935, issue of the A.S.M.E. Transactions. 

2 Designing Engineer, Wm. Bros. Boiler and Manufacturing Com- 
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approximation as possible with the least labor becomes the de- 
signer’s chief concern. 

Broido’s and Orrok’s curves shown in Figs. 1 and 2, respec- 
tively, of the paper, and the values of » given in Table 5 of the 
paper as obtained by using Broido’s and Orrok’s methods, which 
check favorably the author’s test results, indicate that only heat 
liberation per square foot of effective cold surface is important. 
This would indicate in turn that furnace volume and the fraction 
of cold surface need not enter into the calculations at this stage 
of the problem. The correction required for convection to the 
cold surface is generally conceded to be less than the errors in- 
volved in other factors which must be assumed and therefore can 
also be omitted. Also, it is generally conceded that practically 
all heat to the cold surface is delivered by radiation. Since it is 
intended to deliver all heat by radiation, the writer uses the 
Stefan-Boltzmann law with the latest coefficient. In this connec- 
tion the writer has found that an average value of 0.5 can be 
used for perfect combustion when using the furnace-exit tempera- 
ture as the average furnace temperature. This relationship can 
be expressed graphically for convenience and in the following com- 
ments by the writer it will be referred to as curve R. 

Since all heat is to be delivered by radiation, it now becomes 
necessary to convert the total heat released to a temperature 
function. This temperature is determined by well-known com- 
bustion calculations for fuel used and can be expressed graphi- 
cally by curves for all types of combustion dictated by de- 
signer’s requirements. This temperature 7',, is the temperature 
of the products of combustion produced by the low heat value of 
fuel plus all other heat introduced in the combination. Then 
(T,— T2)c, = Hz, where c, = mean specific heat of all products 
of combustion, 7, = the final temperature of the products of 
combustion, and H: = heat that must be removed by radiation. 
From curve #& and the temperature 7’, desired, the heat absorbed 
per square foot of effective cold surface Hs can be found. Then 
H2/H; = S, the number of square feet required. This sets the 

. condition for the design point. For temperatures at other rat- 
ings of this design, plot a curve showing the relationship of the 
heat available for radiation at the different temperatures 7'2/S. 
With this curve and curve R, the temperature 7» for any rating 
or heat release may be obtained readily by trial and error. 

It will be found that once the design is set, the curves given by 
Wohlenberg and Mullikin can be used to advantage provided 
some modifications as indicated in the following discussion are 
borne in mind. 

From the writer’s previous comments, it would appear that the 
shape or design of furnace has only a slight effect on heat absorbed 
or on the final temperature 7»; this appears to be substantiated 
by available tests. It also seems that the amount of effective 
black surface S and not its location in the furnace controls the 
temperature 72; this is also borne out in practice when mean tem- 
perature only and not stratification is considered. Thus, it 
would seem that an attempt to properly designate what is meant 
by effective black or cold surface is the most important need in 
furnace design. 

In the authors’ Equation [3] S = Ams = AF al cF Fy. How 
the values are obtained is explained in another paper.? The 
difficulty with this equation is that the amounts of the respective 
surfaces are unknown to the designer when he starts on his prob- 
lem, and it becomes quite a problem in trial and error before he 
can obtain an original design. After his design is once estab- 
lished, how will these factors affect the overall absorption? 

To answer this, assume the following conditions: Absorption 


3 “Evaluation of Effective Radiant Heating Surface and Applica- 
tion of the Stefan-Boltzmann Law to Heat Absorption in Boiler Fur- 
naces,” by H. F. Mullikin, Trans. A.S.M.E., vol. 57, 1935, paper 
RP-57-2, pp. 517-529. 
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rates Hg of 60,000 Btu and 30,000 Btu, respectively; a conduction 
of 10 Btu per deg for refractories and slag. From curve R, T2 = 
2900 F abs and 2400 F abs, respectively. From the authors’ 
Equation [3] it is found that A, 4, and F’,; are not affected mate- 
rially, but if Fg and Fg form a large part of the surface, the follow- 
ing correction is apparent. The difference between the tube 
temperature and the furnace face temperature of refractory of a 
thickness capable of delivering 30,000 Btu per sq ft to tube would 
have to be twice as much for the rate of 60,000 Btu per sq ft, 
while the actual furnace temperature 7, only increases 2900/ 
2400 = 1.21 times as fast, assuming 0 F for tube temperature. 
In other words, Fg and Fg are only (1.21/2) or 61 per cent as ef- 
fective for a heat-absorption rate of 60,000 Btu per sq ft as at the 
rate of 30,000 Btu per sq ft. 

The writer believes this important enough to require the fac- 
tors F'¢ and F's to be changed with the different rates of absorption 
encountered, especially since conduction will control the heat de- 
livered whether the refractory or slag is attached or free from the 
tube. 

The writer commends Wohlenberg, Mullikin, and others for 
sharing so generously their efforts and results for obtaining a 
solution of the problem under discussion when information avail- 
able was much more meager than at present. 


W. T. Borromury.‘ Until Professor Wohlenberg and_ his 
collaborators started a series of papers in 1925 treating the sub- 
ject of radiation in boiler furnaces from the theoretical stand- 
point, this subject was very little understood. Since that date 
the need has been felt for experimental evidence to check the 
theoretical investigations already carried out. This paper, in 
conjunction with the A.S.M.E. Radiation Committee Report,5 
is the first serious attempt to supply the missing data. 

However, it is disappointing to find that the experimental 
evidence thus obtained with so much care daes not really fit very 
well with theoretical investigations, as the writer proposes to 
show. The question arises whether the theoretical conclusions 
require amending in order to fit the experimental evidence, or 
whether the production of reliable experimental evidence of the 
furnace efficiency will turn out to be a much more difficult and 
expensive procedure than has hitherto been supposed. 

The writer is of the opinion that as a whole the theoretical in- 
vestigations are nearer the truth than the experimental evidence 
in the paper. 

There is an upper limit which the writer is inclined to define in 
connection with furnace radiation performance, namely, no 
matter what differences of temperature may exist inside the fur- 
nace it is impossible for the average intensity of radiations ab- 
sorbed by the waterwalls to exceed the intensity of black-body 
emission at the temperature corresponding to the average tem- 
perature of the gases leaving the furnace chamber. The absorp- 
tion must always be less and the object of furnace radiation in- 
vestigations is to find out how much less. 

Test results on coal-fired boilers given in Table 5 of the paper 
show that this limit is exceeded by screen evaporation measure- 
ments in tests Nos. 2-2 to 2-9, 2-15 to 2-18, and 3-8, and by gas- 
temperature measurement in tests Nos. 10-12, 10-19, and 10-20. 
Tests Nos. 10-13, 10-14, 10-15, and 10-18 indicate that the limit 
is approached too closely. The writer has not checked the test 
results obtained on the gas-fired and oil-fired boilers. 

In addition to this it is disconcerting to find, for example, in 
tests Nos. 2-10 to 2-18, where the load and quantity of gas are 

* Techuical Engineer, Merz and McLellan, Consulting Electrical 
Engineers, Newcastle-on-Tyne and London, England. 

5 “An Experimental Investigation of Heat Absorption in Boiler 
Furnaces,” by W. J. Wohlenberg, H. F. Mullikin, W. H. Armacost, 


and C. W. Gordon, Trans. A.S.M.E., vol. 57, 1935, paper RP-57-4, 
pp. 541-554. 
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practically constant, that the furnace efficiency rises steadily 
from 30 per cent to 45 per cent. There is nothing disclosed in 
Table 5 to account for this rise in efficiency. The same effect is 
seen at a higher load on the same boiler tests Nos. 2-19 to 2-27 
where the efficiency rises from 28 per cent to 39 per cent for no 
apparent reason. 

Unless these variations can be accounted for satisfactorily 
the writer does not see how reliance can be placed on the deter- 


- mination of the furnace efficiency by measuring the evaporation 


from part of the waterwalls unless special corrections are applied. 
It is certainly not strictly accurate to assume that the total heat 
absorptions by the whole of the waterwalls relative to the heat 
absorbed by the screen boiler is in proportion to their surfaces. 
Unless the furnace is spherical and symmetrically arranged, the 
intensity of radiation on different parts of the waterwall is bound 
to be unequal. 

The determination of furnace efficiency by measurements of 
the furnace exit gas temperature appears to be just as unreliable. 
Out of the nine tests on boiler No. 10 the writer has shown that 
three are impossible and four improbable, leaving two, i.e., Nos. 
10-16 and 10-17, which give at all reasonable results. 

The writer does not know how the average gas tempera- 
tures were obtained by the authors but imagines it would be 
difficult. Some gas samples taken recently at different points 
across the exit from the furnace of a pulverized-fuel boiler at the 
Dunston B power station in Neweastle-on-Tyne, Eng., showed 
{hat the variation of CO, was as much as 2 per cent of the total 
gas. It is natural to suppose that the temperature of the gases 
would vary accordingly. 

The test results so far dealt with are those showing the most 
glaring discrepancies, but when the writer examines further the 
other tests which do not violate the law previously referred to he 
still finds the results too inconsistent to check or amend the 
theoretical data already obtained. 

It is only possible to deal with some of the tests because the 
writer does not have available at this time of writing a copy of the 
Radiation Committee Report,’ and the furnace efficiencies ob- 
tained from the gas-temperature measurements are not given in 
Table 5 of the paper. The tests dealt with in this discussion are 
those where the u,, gas temperatures can be identified by comparing 
the points given in the authors’ Figs. 13 to 21, inclusive. The 
writer has managed to identify most of the coal-fired boiler tests 
and will therefore confine himself to dealing with those tests. 
The method of analysis is briefly as follows and was described in 
a paper by the writer.® 

There is a well-known formula based on Kirchhoff’s law for the 
net coefficient of absorption or emission at the boundary surface 
between two media having two different coefficients of absorption 


or emission. This formula is 
1 1 1 
Se a ee oars Oe 
oye [a] 


where E, and E,, are the coefficient of absorption or emission 
of the two media, and £ is the resultant coefficient. If both sides 
of the equation are divided by the area of the boundary surface, 
denoted by W, we get 


or 


epee Ww 


6 “Radiation in Boiler Furnaces,’ by W. T. Bottomley, N. E. 
Coast Institution of Engineers and Shipbuilders, vol. 49, 1933, p. 115. 


337 


where the definition of the areas S,, F, and S are obvious by in- 
spection, and represent the net effective black-body absorption or 
emission surfaces of the two media and resultant combinations, 
respectively. 

The writer has shown® that the same formula is valid at the 
boundary walls of a perfectly symmetrical boiler furnace at a 
uniform temperature if the coefficients are applied to the black- 
body emission at the temperature at which the gases leave the 
furnace chamber, and has suggested that the formula could be ap- 
plied in practice, to unsymmetrical furnaces where the tempera- 
ture is not uniform, by a suitable choice of the terms S,, F', and W. 
This method could also be made to include the effect of convec- 
tion on the refractories. 

In a boiler furnace, W represents the total surface area of the 
furnace boundary walls, S, is the effective area of the waterwall, 
F is the effective black-body emission surface of the radiating 
source, i.e., the particles of fuel, the flames and the gases com- 
prising the whole of the gaseous content of the furnace chamber, 
and 8S is the resulting effective black-body emission surface of the 
furnace combination as a whole. It will be remembered that all 
these emission surfaces refer only to emission at the temperature 
corresponding to the gas exit temperature. 

It is clear that since none of the absorption or emission coeffi- 
cients in the writer’s Equation [a] can exceed unity, then none 
of the areas S, F, or S, can be greater than W which is the total 
surface area of the boundary walls of the furnace. It also follows 
that the net effective emission surface of the furnace S cannot be 
greater than the net effective water-cooled wall surface S, which 
is the limit already stated by the writer. 

The term S, is always less than W, the ratio S,/W being what 
the authors eall the fraction cold. The term S in the writer’s 
Equation [b] can be determined from the furnace efficiency and 
vice versa if the total heat release in the furnace per pound of 
flue gases were known. 

The particulars given by the authors concerning the results in 
the A.S.M.E. Radiation Committee Report® enable the writer 
to determine the value of S and therefore by applying the writer’s 
Equation [b] the value of F for each individual test can be de- 
termined. 

In Fig. 1 of this discussion are shown the values of F thus ob- 
tained from the screen-evaporation data for boilers Nos. 1, 2, and 
3 after eliminating the tests the results of which the writer regards 
as impossible. The curves for the total wall surface W are also 
shown. The curves marked long and short flames are taken from 
Fig. 21 of the writer’s paper,® the long flame being based on data 
given by Orrok’ of tests on a boiler at Sherman Creek where the 
evaporations from the whole of the waterwalls were measured. 
The writer would call attention to the three points for No. 1 stoker- 
fired boiler which fit very well with the short-flame curve. This 
is the only boiler where the whole of the waterwall evaporation 
was measured, and the writer regards this as the most reliable 
method of determining furnace efficiency. It is to be regretted 
that more tests were not taken on this boiler. The writer does 
not see how any conclusions can be drawn from the tests on the 
other two boilers without further particulars. 

In Fig. 2 of this discussion are shown in the same way the re- 
sults of the gas-temperature measurements on boilers Nos. 6, 9, 
and 10. In this figure are shown what the writer regards as the 
impossible and improbable values of F’ for boiler No. 10. 

The impossible points are the three values of /’ greater than W 
and the improbable points are the four points slightly less than W. 

The writer agrees with the authors in the opinion that the gas- 
temperature measurements are more consistent than the screen- 
boiler measurements to the degree that the ratio of F to W ap- 


7 Discussion by G. A. Orrok of ‘‘Radiation in Boiler Furnaces,” by 
B. N. Broido, Trans. A.S.M.E., vol. 47, 1925, pp. 1148-1156. 
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pears to be constant in the same furnace at different loads, but 
there is no particular relation between the constants for different 
boilers. The writer believes that the values of F in Fig. 2 of this 
discussion are all much too high, indicating that the gas-tempera- 
ture measurements are too low to represent the average gas exit 
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temperature. A comparison of the values for boiler No. 9 in 
Fig. 2 of this discussion and boiler No. 1 in Fig. 1 of this discus- 
sion both stoker fired, will show the extent of the error due to gas- 
temperature measurements. It appears that if the gas-tempera- 
ture measurements are assumed to be about 300 F too low it will 
be found that values for F for the three boilers in Fig. 2 of this 
discussion will be brought near the curves for long and short 
flames. 

The writer does not see any reason why the effective radiating 
surface of the flames for a given heat release should depend on the 
size of the furnace or should bear any relation to the total surface 
of the furnace-wall, and he believes that it should be independent 
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of the size of the furnace, provided the furnace is large enough to 
enable the combustion to be complete. This is the principal ar- 
gument against the probability of constant ratio of F to W shown 
in Fig. 2 of this discussion and is the criticism the writer has to 
make against the Wohlenberg method of determining furnace 
efficiencies. 

The writer would like to know whether any readings were 
taken with an optical pyrometer during the tests reported by the 
authors and how they compare with the gas-temperature read- 
ings. 

The writer believes the authors will agree that their test re- 
sults have not been entirely satisfactory even though the authors 
may not agree with the writer’s method of analysis. 


F. J. Houzpaur.’ The authors have made an interesting con- 
tribution to the literature on heat absorption in boiler furnaces. 
The results of Mr. Mullikin’s investigation conducted at Sugar 
Creek, Mo., check closely with similar tests by the boiler manu- 
facturer and with plant operating records. 

From the standpoint of a refinery engineer, it is very important 
to be able to predict the radiant-heat pickup in any given furnace 
as a separate component of the total heat. In a boiler this is im- 
portant only in its effect on the superheated condition of the 
steam, whereas in petroleum processing this may affect the char- 
acteristics of the product and involve operating difficulties on the 
fluid side of the heating surface due to excessive cracking or coke 
formation. 

The many variables which may affect this problem seem to 
make the simplest method the most desirable in any application. 
Therefore, the Broido method seems to fulfill satisfactorily gen- 
eral design requirements. 


AuTHOoRS’ CLOSURE 


Based on the method used for the evaluation of effective furnace 
radiant heating surface in this paper, Mr. Neubeck’s Stefan- 
Boltzmann coefficient (emissivity) of 0.5 appears low judged by 
the present data. Perhaps this may be due to a different manner 
of evaluating effective radiant heating surface. It would seem 
that for accurate computations some adjustment of the coefficient 
would be required to take into account the fuel and the type of 
firing. 

The variation of Fg and Fg with furnace conditions is treated 
in the author’s closure to the discussion of another paper.? The 
authors cannot concede the magnitude of Mr. Neubeck’s cor- 
rection to Fg and Fy, to take into account the variation with 
furnace temperature. The surface temperature of exposed re- 
fractory or slag surfaces in the furnace is a rather complicated 
function of such items as furnace radiation, location in the fur- 
nace, various emissivities, and conduction. Considering the fact 
that this surface receives radiation from the furnace gases, the 
amount of the radiation being a function of the fourth power of 
the gas temperature approximately, it does not appear necessary 
that any change in refractory or slag surface temperature be 
directly proportional to the change in furnace temperature. 

Mr. Neubeck’s discussion of various phases of the problem is 
quite helpful. 

The authors agree with Mr. Holtzbaur that Broido’s curve is 
surprisingly accurate considering its extreme simplicity. 

The authors are grateful to Mr. Bottomley for his interesting 
comments. The experimental data were not compared to results 


8 Chief Engineer and Mechanical Superintendent, Standard Oil 
Company of Indiana, Sugar Creek, Mo. Mem. A.S.M.E. 

9 Discussion of ‘‘Evaluation of Effective Radiating Heating Sur- 
face and Application of the Stefan-Boltzmann Law to Heat Absorp- 
tion in Boiler Furnaces,’ by H. F. Mullikin, Trans. A.S.M.E., vol. 
58, May, 1936, pp. 333-335. 


DISCUSSION 


obtained through use of the Bottomley method by the present 
authors due to lack of time, the comparisons of the Orrok and 
Broido methods having been made because of their rather general 
use in the United States. 

The authors will attempt to clear up several points raised by 
Mr. Bottomley. It seems possible that the mean radiating 
furnace temperature may in some cases be higher than the furnace- 
exit temperature. The mean furnace radiating temperature has 
been discussed in the reply to Mr. Sherman in the discussion of 
another paper.? As has been pointed out, although the upper 
limit of furnace radiation based on mean furnace radiating tem- 
perature may be defined as 
that of black-body radiation 
(emissivity equal to unity) at 
that temperature, if the radia- 
tion is arbitrarily based on 
the perhaps lower furnace-exit 
temperature, it is possible to 
have greater than black-body 
radiation (emissivity greater 
than unity) at this arbitrarily 
selected temperature. 

Reference to column 4 of 
Table 3 of the A.S.M.E. Ra- 
diation Committee Report? will 
show that the increase in fur- 
nace efficiency » based on 
sereen-boiler evaporation for 
tests 2-10 to 2-18 was due to 
increase in flame length from 
short to normal to long. The 
gas temperature yu-values do 
not show such a variation. 
This has been discussed on 
page 538 of the paper.! If 
the furnace radiant heat-ab- 
sorbing surface, whose heat 
was metered to determine the 
screen-boiler evaporation p- 
values, had been distributed in the furnace more uniformly (in- 
stead of mostly at the bottom of the furnace where flame length 
would affect it most), the p-values obtained would not have 
shown asmuch variation. Incidentally it may be stated that the 
short-flame and long-flame conditions were abnormal and do not 
represent a desirable condition for ordinary operation. 

Mr. Bottomley’s paper® represents a very interesting attack 
on the furnace-radiation problem. Since this work is not well 
known in the United States it might be well to add one or two 
additional points descriptive of the Bottomley method, as we 
understand it, from Mr. Bottomley’s paper.® 

All radiation in the furnace is due to flame radiation. ‘The 
flames are here defined as being the portion of the furnace- 
chamber volume in which heat is liberated from the fuel” “.... 
the radiation from CO, and water vapor between the flame 
envelope and the furnace boundary surfaces is not sufficient 
to have any appreciable effect on the total radiation received by 
the water-cooled surfaces, and can be neglected or may be in- 
cluded in the flame radiation.” “..... we represent the flames, 
as defined, by a sphere having the same volume and having a 
uniform density of radiating material throughout the whole of 
its volume equal to the average density of radiating material in 
the actual flames.” 

“The same average flow of radiation to the walls can be ob- 
tained if the semitransparent sphere is replaced by a concentric 
black-body sphere of smaller size having the same surface tem- 
perature, but the surface area being equal to the product of the 
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mean coefficient of emission at the furnace walls and the area of 
the furnace walls.” Mr. Bottomley’s conclusions are based en- 
tirely on the Sherman Creek data quoted by Orrok.’ Referring 
to Figs. 8 and 9 in the Bottomley paper, ‘The main point of 
interest in the curve is that for furnaces liberating over 40 million 
heat units per hour our initial assumption, that the black-body 
volume of the flame is proportional to heat units liberated per 
hour, is justified on theoretical as well as experimental grounds 
as being approximately correct... .” 

The present authors feel that perhaps a closer examination of 
the Sherman Creek tests quoted by Orrok’ who took his informa- 
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tion from Murray! may be belpful. Mr. Artsay who was assis- 
tant to Mr. Orrok at the time, has given additional information™ 
regarding the tests. Mr. Sherman in the course of a Bureau of 
Mines investigation run at the same time has also given further 
information. 1? 

Fig. 3 of this discussion shows the general arrangement of the 
boilers tested at the Sherman Creek plant which were similar 
except for burner arrangement. The boiler in which the side- 
wall surface heat absorption was determined was boiler No. 10 
and was equipped with fin-tube waterwalls on separate circulation, 
a radiant-heat superheater for which the heat absorption could 
be determined, and well-type water-cooled burner boxes on sepa- 
rate circulation. These wells consisted of round or square boxes, 
open on the furnace side, into which the powdered coal, together 
with all the air necessary for its combustion was fed through four 
round pipes set in the sides, to produce a vortex effect. Three 
burner boxes were fitted to this furnace, one square box on the 
front hearth below the boiler-room floor line, and two smaller 
boxes, one round and one square, on the front wall above the 


10 “Recent Developments in Boiler Design,’ by Thomas E. 
Murray, presented at a meeting of the Association of Edison Illumi- 
nating Companies held at Hot Springs, Ark., October 19, 1925, 
printed but not published by the Association. 

11 “Radiation in Boiler Furnaces,” by N. Artsay, presented at the 
Chicago Meeting of the A.S.M.E., February, 1931, not published. 

12 “Temperatures in Powdered-Coal Furnaces Having Extended 
Radiant-Heat-Absorbing Surfaces,” by R. A. Sherman, Mechanical 
Engineering, vol. 49, 1927, pp. 335-338. 
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TABLE 1 FURNACE HEATING SURFACES OF BOILER NO. 10, 
SHERMAN CREEK STATION 
Orrok Artsay Sherman 
Side-wall fin tubes 
Total heating surface. .... << cuss eer as Bi akan 432 
Projected area exposed to radiation...... fee ee 198 
Tubes é 2 yicdsgaya's crs a) ewe chee eaoinn hee 277 oval 
Bins’... ego ccqecan eee oc ope eae 149 Sha 
Radrant superheatersao..t2o oe ses eee eee a 200 235 
Burner, Doxese.a = saecepyey eta ie a ee ane 242 140 
Boiler tubes at furnace exit............... b 372 ee 
Motalfor furnaceyaowkeac se ere saree 966 1240 


a Coefficient of 0.5 used for evaluation of this surface. 
b Surface taken based on 1.38 times the surface of lower row of tubes. 
Nore: Heating surfaces are given in square feet. 


floor line. They were built of boiler plate with a second outer 
box forming a shell through which water flowed cooling the 
inner plate. 

The furnace volume was 3060 cu ft with 230 cu ft additional in 
the burner boxes. The boiler heating surface was 6280 sq ft. 
The areas of the exposed furnace heating surfaces are in some 
doubt as the various papers give different values. These values 
are tabulated as a matter of interest in Table 1 of this discussion. 
These surfaces were determined in different manners, that of 
Artsay being rather complex, for which reference should be 
made to the original paper.4! Artsay gives tabulated data to 
show that the tests were run from January 15, 1925, to April 
23, 1925, and only in one case were two tests run during the 
same day. He definitely states, as inspection of Fig. 3 of this 
discussion will verify, that only the side-wall tubes, superheater 
and burner boxes were on separate circulation; something like 
30 per cent of the furnace surface represented by the tubes at the 
furnace outlet not being segregated. 

Artsay determined the total radiation absorption by assuming 


the same rate of heat absorption in the lower tubes of the boiler _ 


as in the surface on separate circulation. 

Apparently Orrok in determining the heat-transfer absorption 
rates for exposed furnace surface found it necessary to include 
the heat absorption of the surface in the burner boxes (burner-box 
heat absorption may be influenced by peculiar local conditions) 
as well as to assume an effectiveness factor or coefficient of 0.4 to 
0.6 for superheater surface. 

It should be further noted that over a period of time it might 
be possible for furnace conditions, in regard to fuels and slagging, 
to change. 

In view of Mr. Bottomley’s statement in the present discussion 
as to the unreliability of assuming the same heat-absorption rates 
for the total furnace surface as for parts of the surface on metered 
heat transfer it would appear somewhat unsafe to draw general- 
izations from the Sherman Creek data. 

Examination of the data given in the present authors’ paper 
would seem to indicate that pulverized-coal and stoker-fired units 
are not directly comparable. 

Considerable optical-pyrometer and radiation-pyrometer data 
were taken on the furnaces tested but space considerations do 
not permit their presentation here. The general statement may 
be made that neither the optical nor radiation pyrometers indi- 
cated higher temperatures than those obtained by use of the 
high-velocity thermocouple. 

The authors would like to point out a quite evident improve- 
ment in the Orrok formula that would seem to make it applicable 
to all fuels including oil and gas. Wilson, Lobo, and Hottel1? have 
suggested that fuels of various net heat values be corrrected to 
a 14,000 Btu per lb of fuel equivalent-coal basis before use in 
the Orrok formula. Thus an oil with a heating value of 18,000 
Btu per lb would be equivalent to (18,000/14,000) = 1.285 Ib 
of coal. 


13 “Heat Transmission in Radiant Sections of Tube Stills,’ by 
D. W. Wilson, W. E. Lobo, and H. C. Hottel, Industrial and Engi- 
neering Chemistry, vol. 24, 1932, pp. 486-493. 
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The Flow Characteristics of Variable- 
Speed Reaction Steam Turbines’ 


JosepH GERSHBERG.? The formula derived by the author 
for the determination of weight of the flow of steam in a variable- 
speed reaction turbine is intended primarily for designers as an 
aid in estimating steam rates for loads and speeds much different 
from those for which the machine is designed. To the one who 
has the misfortune of contending with steam-rate guarantees very 
close to the expected values, or perhaps with no margin at all, 
the accuracy of Equation [17] becomes extremely important. If 
he is cautious will he be satisfied with the equation of the factor ¥ 
in which simplification of the exponent of the pressure ratio may 
introduce an error of 3 per cent in the value of ¥, and thus of the 
steam weight, if the blading group is within the range of P2/P: 
values between 0.3 and 0.7? At very low speeds, close to a stand- 
still condition, the fill factor would seem to have a particular in- 
fluence on the accuracy of results. From the same standpoint it 
would seem advisable that the formula [17a] be applied to a 
blading group operating entirely either in the superheated region, 
which would be preferable, or in the saturated region in order 
that the exponent of the polytropic in the author’s Equation 
[14] may remain constant. Furthermore, accuracy will be as- 
sured if the blading group selected is removed far from the tur- 
bine exhaust, thereby rendering the effect of the blading group 
on pressure ratio at light loads negligible. 

The proposed formula for the weight of steam flow offers to the 
users of reaction turbines a convenient means for checking and 
analyzing their performance. Variable-speed reaction turbines 
are used for driving induced-draft and forced-draft fans in some 
power stations. To make such a check it is sufficient to measure 
pressure and temperature at the inlet of, and only pressure at the 
outlet of, a group of symmetrical blades operating in a super- 
heated region, when the load, speed, and steam conditions at the 
throttle and the turbine exhaust are known. Results thus ob- 
tained can be compared then with those established by the ac- 
ceptance test. 

A similar procedure in the case of constant-speed turbines 
renders the application of Equation [17] a great deal simpler. 
This equation may prove singularly useful for ready determina- 
tion of steam flows at the throttle of bleeder-type or extraction- 
type turbines. Possibly the flows can be computed with the 
aid of test data for the machine operating straight condensing or 
noncondensing, as the case may be, and with specific measure- 
ments obtained in a manner described previously at the inlet 
and outlet of a conveniently and properly chosen blading group, 
of which the blades need not be symmetrical. 


AvuTHOR’s CLOSURE 


The author wishes to emphasize the fact, that it has not been 
his intention to give in Equations [17] and [17a] formulas with 
such high degree of accuracy that they could be used to check 
the steam consumption of a reaction turbine. He even believes 
that it is practically impossible, in a wide range of operating 
conditions, to calculate accurately the amount of flow passing 
through the blading, even when applying the most elaborate 
methods. This uncertainty is due to the instability of the flow 
in the blading operating for instance with low velocity ratios. 
For the same “nominal’’ blading dimensions a relatively slight 
change of the blade profile, the leakage clearance, etc. may bring 


1 Published as paper FSP-58-1, by Adolf Egli, in the January, 1936, 
issue of the A.S.M.E. Transactions. 

2 Chief Testing Engineer, The New York Edison Company, Inc., 
Hell Gate Station, New York, N. Y. Mem. A.S.M.E. 
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about a variation of the “fill factor” in the order of three per 
cent. 

For this reason the simplification of the exponent of the pres- 
sure ratio in Equation [16] is practically justified. For the same 
reason, also, it would hardly be worth while to distinguish between 
superheated and moist steam. 

The formulas [17] and [17a] are sufficiently accurate for the 
purpose of calculating the stage pressures and thus determining 
the distribution of the work done in the various elements of a 
combination turbine. 


A Study of the Turning of Steel 
Employing a New-Type Three- 
Component Dynamometer' 


G. A. Bouvisr.? In lieu of acceptable evidence the opinion of 
the recognized expert must, of course, be given adequate weight. 
Messrs. Boston and Kraus certainly are recognized experts and 
they give in their paper evidence and facts enough to support most 
of their conclusions. It seems to the writer that the authors in 
making the statement ‘Because of the dynamometer’s weight 
and rigidity, tool chatter is practically eliminated ” are merely 
expressing their opinion and that the evidence they give support- 
ing their conclusion is not acceptable in the light of other evi- 
dence. They point out that the chatter which resulted from 
using the tool in a solid tool post was eliminated when the same 
tool was used in the dynamometer. Now it happens that there 
exists other evidence indicating that the tool post referred to 
might have been too rigid rather than not rigid enough. The 
writer refers to the familiar gooseneck threading tool which has 
been used commonly for many years to reduce or eliminate chat- 
ter. While effective certainly no one would say the gooseneck 
tool is more rigid than a tool post. Hence, it is to be concluded 
that the reason the tool did not chatter in the dynamometer was 
because the latter was not rigid enough to support chatter of the 
frequency encountered. 

However the facts are ascertainable, and no doubt Professor 
Boston will soon make a determination of that. The use of a 
dynamometer which records high-frequency vibrations has shown 
that chatter is not simply a matter of a force exerted against the 
tool. It is a matter of force disturbance often a regular-fre- 
quency type. The writer prefers to consider this frequency as 
being due to a combination of favorable mechanical elements in 
the machine. The resulting tool chatter often may be elimi- 
nated by decreasing the deflection of any one or combination of 
the elements in the train between the tool support and the nose 
of the work spindle. It is important to know that tool chatter 
often may be reduced or eliminated by increasing deflections 
(decreasing the rigidity). It is done every day in screw-machine 
practice. 

The information given in the paper is valuable and can be used 
very profitably, as the authors point out, in machine-design and 
tool-design problems. It is facts such as these that we need. 
But by no means is it theoretical information as is sometimes 
charged by a few who are unacquainted with the facts. It is the 
so-called practical men who are in reality theoretical when they 
speculate concerning their informal observations. 


H. Russell Youna.? This paper, without a doubt, contains 
the most extensive set of experiments, recording the tangential, 


1 Published as paper RP-58-1, by O. W. Boston and C. E. Kraus, 
in the January, 1936, issue of the A.S.M.E. Transactions. 

2 Engineer, Western Electric Company, Chicago, Ill. 

3 Mechanical and Industrial Engineer, William Sellers and Com- 
pany, Philadelphia, Pa. 


radial, and longitudinal pressures, due to controlled variations in 
tool shape, depth of cut, amount of feed, and material character- 
istics, since the classical and comprehensive experiments of Fred 
W. Taylor. 

A judicial comparison between these two treatises cannot be 
readily made since the experiments by Boston and Kraus consist 
of light or semifinishing cuts, the maximum feed being approxi- 
mately 1/3. in. Taylor’s experiments were made with heavy 
roughing cuts, and therefore the breakdown analyses of his re- 
sults can actually result in real money sayings in normal shop 
practice. It is interesting to note that Taylor considered it im- 
practical to attempt to establish definite laws for any feed under 
1/,, in. since a finer feed will seriously affect the results because a 
trifling imperfection or flaw near the cutting edge of the tool will 
be very noticeable on a fine feed. Also small hard spots in the 
metal under test will have a much greater effect upon tools with 
a fine feed. 

In the paper under discussion there are several examples of 
controlled variations in tool shape and their accompanying re- 
sults. From Table 1 it is observed most effectively how the cut- 
ting-force equation varies as the tool shape is changed. How- 
ever, the major problem from the practical viewpoint involves 
which tool is the best to employ for the general run of work, since 
many tools of varied shapes cannot be available at all times. 

It should not be assumed that the best tool to use is the one 
requiring the least force, because much more important factors 
control this selection. For example it is noted from Fig. 5 of the 
paper that the greater the side-rake angle the smaller the cutting 
pressures, but Taylor has shown that a smaller side-rake angle 
will within limits allow a higher cutting speed, except for very 
soft steels. It is also known that the harder the material being 
cut, the smaller the side-rake angle should be, in order to prevent 
the cutting edge crumbling or spalling off. As for example in 
cutting chilled iron, a side rake of approximately 5 deg is the 
best. Therefore, on the whole, the question of pressures on the 
tool has far less weight than either the crumbling at the cutting 
edge, the cutting speed, or the proper angles for obtaining the 
longest tool life and the largest number of grindings for a given 
tool. 

A similar analogy is present in choosing the proper back-slope 
angle for the tool; the chart under Fig. 5 of the paper indicates 
the forces decrease as the back slope increases. Here again 
experience indicates a back slope of over 10 deg causes a 
danger of the tool attempting to plunge forward, thus influencing 
the quality of the metal finish. 

In Fig. 5 which gives the forces resulting in a controlled 
variation in nose radius, it is observed that a larger radius in- 
creases the radial and tangential pressures, and yet a large radius 
is required in order to obtain a more uniform surface finish when 
using a coarse feed. 

It can be seen readily that the larger the side slope, the greater 
becomes the area of the surface which must be ground, hence 
more expense is necessary and also the smaller the number of 
times the tool can be ground before a complete redressing. 

From the chart under Fig. 5 of the paper, indicating force 
changes as the side cutting-edge angle varies. It is observed 
that as the side cutting-edge angle increases the force in- 
creases. Yet from experience it is known that as the side cutting 
edge increases the thickness of the shaving decreases, thereby 
allowing a considerable increase in cutting speed. Taylor’s re- 
sults indicate that by decreasing the thickness of the shaving to 
one third, the cutting speed is increased approximately 100 per 
cent. 

The experiments reported in the paper throw considerable 
light upon the subject of metal cutting and its many variable 
components. It would be extremely worth while indeed if investi- 
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gations should be made in regard to how the many variable com- 
ponents affect the cutting speeds and tool life with particular 
reference to the results obtained due to variations in the side cut- 
ting-edge angle since here one of the greatest gains can be made. 


M. E. Langu.‘ The authors deserve considerable commenda- 
tion for having designed such an obviously simple and practical 
dynamometer for measuring chip-removal forces. Many de- 
signs have been built and used for similar purposes before but 
they were generally of a delicate nature and exceedingly unstable 
as to calibration. The removal of chips involves so many un- 
certain factors and the testing has to be carried out under condi- 
tions of vibration, the presence of flying or curling chips and 
scale as well as the possibility of the use of an abundance of 
coolant, that experimental apparatus of a delicate nature cannot 
be relied upon to remain accurate for any length of time. The 
authors’ device is so obviously good for the purpose and simple 
in its conception that its calibration should be permanent and 
easily checked. It is hoped that full design details will eventually 
be published so that other investigators may have the benefit of 
this new measuring tool of chip forces. 

Items 13 and 14 in the authors’ conclusions show that a corre- 
spondingly slight increase in power is required for removal of 
metal under conditions of increasing speed. When carbide tools 
are substituted for high-speed steel tools the lower coefficient of 
friction of the former should bring about a decrease in power con- 
sumed. It would be interesting if the authors would verify this 
with their new equipment. 

A further question which deserves an answer is how the power 
consumption is varied by the use of coolants under otherwise 
identical conditions. 


AutTHors’ CLOSURE 


The authors wish to thank the several discussors who have 
brought out many important points that must be considered. 
H. R. Young has called attention to the fact that cutting forces 


4 Chief Sales Engineer, The Warner and Swasey Company, Cleve- 
land, Ohio. Mem. A.S.M.E. 
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are not proportional to tool life. This assertion has been found 
correct by the authors in previous investigations’ in which the 
tool life was measured as a function to tool angles. In the tests 
mentioned, it was found that a side-rake angle of approximately 
22 deg produced the longest tool life when cutting an S8.A.E. 
2345 steel. Side-rake angles above 22 deg resulted in a decrease 
in the tangential force, but also resulted in a decrease in tool life. 

In the discussion of M. E. Lange, it was mentioned that the 
use of tungsten-carbide tools having a lower coefficient of fric- 
tion might result in a decrease in power consumption. The 
authors have not investigated the forces on carbide tools, but 
it should be kept in mind that, although the force for the tool 
may be decreased due to the lower coefficient of friction, the 
power consumption will be greater due to the increased operating 
speeds and smaller rake angles for the tungsten-carbide tools, 

As questioned by Mr. Lange, the power consumption is varied 
by the use of coolants. Several investigations have been made 
by the authors on lathes,® milling machines,’ and drill presses® 
to find the effect of cutting fluids on the power consumed. These 
tests included several different types of materials and cutting 
fluids. 

In Mr. Bouvier’s discussion, it is brought out that chatter may 
be eliminated by decreasing, instead of increasing, the rigidity. 
Certainly this question of vibration must be considered independ- 
ently for each individual, as the frequency of vibration for each 
machine tool and for each cutting operation may or may not cause 
chatter. 


5 “The Life of Turning Tools as Influenced by Shape,’’ by O. W. 
Boston and W. W. Gilbert, Trans. A.S.M., vol. 22, no. 6, June, 
1934, p. 547. The Iron Age, vol. 132, nos. 13 and 14, Sept. 28 and 
Oct. 3, 1933, pp. 32 and 24, respectively. 

6 “A Simple Tool for Measuring Pressures in the Direction of Cut,” 
by O. W. Boston and C. E. Kraus, Trans. A.S.S.T. (A.S.M.), 
vol. 21, no. 7, July, 1933, p. 623. Also Metal Progress, vol. 22 no. 
3, Sept., 1932, p. 29. 

7“Alements of Milling,’ by O. W. Boston and C. E. Kraus, 
Trans. A.S.M.E., vol. 54, 1932, paper RP-54-4. 

8 “Performance of Cutting Fluids in Drilling Various Metals,”’ 
by O. W. Boston and C. J. Oxford, Trans. A.S.M.E., vol. 55, 1933, 
paper RP-55-1. 


AER-58-4 


Boundary-Layer Flow Over Flat and 


Concave Surfaces 


By ALLEN H. BLAISDELL,! PITTSBURGH, PA. 


Boundary-layer characteristics are of interest not only 
because of their effect on airplane wing drag and lift, but 
also because of their intimate relation to the “interfer- 
ence drag”’ which so far has received relatively little atten- 
tion from the standpoint of boundary flow. For this 
reason the author encouraged Charles B. Lyman, a post- 
graduate student at the Carnegie Institute of Technology, 
to initiate experimental work which might lead to this 
objective. Accordingly, the contents of this paper are 
based on the results of this thesis investigation which was 
carried out under the general supervision of the author 
during the college year 1934-1935. Due to lack of space and 
time many of the test data cannot be presented, but an 
attempt will be made to cover the more important and 
interesting results of the investigation. 


S A preliminary step in the study of boundary-layer flow 
A over flat and concave surfaces it was decided to investigate 
the flow over a flat glass plate set parallel with the rela- 
tive wind and, if the test data secured from this setup checked with 
previous work on similar plates, to proceed with observations of 
the boundary flow over flat plates (aluminum) inclined into the 
wind, and also of that over curved surfaces (concave to the wind). 
The flow in all cases was to be two-dimensional at the section 
being studied. 

Periodic use of the large wind tunnel by aeronautical students 
made it necessary to utilize the apparatus shown diagrammati- 
cally in Fig. 1, which could be excluded from the laboratory 
equipment used in the experiments regularly scheduled. A flow 
nozzle with a round 12-in. orifice and exit-entrance area ratio of 
1 to 4 furnished the air jet used in the various tests. The 
nozzle was attached to a conical expansion piece which served to 
tie the nozzle into the circular 17-in. fan duct. The total diver- 
gence angle of this connector was less than 7 deg. Air was de- 
livered to the duct by a single-inlet, Buffalo turboconoidal fan, 
driven by a 71/.hp d-e shunt-wound motor. The motor drove 
the fan by means of a three-strand rubber V-belt, with a negli- 
gible slip for the load imposed on the unit during the various 
’ tests. Swirling of the air stream was effectively prevented by 
means of a honeycomb straightener inserted in the channel at the 
fan-discharge section. The honeycomb was constructed of thin 


1 Associate Professor, Mechanical Engineering, Charge of Aeronau- 
tics, Carnegie Institute of Technology. Professor Blaisdell was gradu- 
ated from the University of Maine in 1911, with the degree of B.S. 
in M.E. During 1912 he remained at the same institution as a labo- 
ratory assistant. In 1913 he went to Pittsburgh as technical ap- 
prentice with thé Westinghouse Machine Company. In 1915 he 
joined the teaching staff of the Carnegie Institute of Technology, as 
instructor in mechanical engineering. 

Contributed by the Aeronautic Division and presented at the 
National Technical Aeronautic Meeting of THE AMpRICAN SOCIETY 
or MrecHanicaL ENGINEERS, held at St. Louis, Mo., October 10-12, 
1935. 

Discussion of this paper should be addressed to the Secretary, 
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Discussion received after this date will be returned. 
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aluminum tubes having an inside diameter of 1 in. and a length 
of 6 in. 

A sphere-drag test was made to determine the amount of turbu- 
lence existing in the free jet. For this purpose a 2!/.-in. polished 
hard-rubber sphere was suspended in the 12-in. air stream at a 
point 6 in. from the nozzle orifice section, and its drag measured 
ballistically at varying Reynolds numbers. The turbulence 
factor was found to be about 1.7 per cent or somewhere between 
that of the variable-density tunnel at Langley Field and free- 
flight conditions.2- The high turbulence was due, of course, to 
the use of a commercial type of fan for motivating the air. 

The speed range of the jet could be extended upward to about 
100 fps, which, with a flat test plate 12 in. in length, corresponds 
to a Reynolds number of nearly 589,000. Most of the test runs 
were made at about 30 fps, which gave, with a suitable entering 
edge to the plate surface, a laminar layer. Hansen® gives a criti- 
cal Reynolds number of 32,000 at which a transition of laminar 
to turbulent flow occurs in the boundary layer of a flat plate, and 
this would correspond to a free-jet velocity of about 55 fps. Ve- 
locity and static traverses were made in the orifice plane of the 
jet and at several sections along the jet axis. Traverses were 
repeated at a section of the jet located 3 in. from the nozzle ori- 
fice with the models in place; the presence of the models caused, 
as would be expected, some distortion of both the velocity- 
pressure and static-pressure distribution across the jet. In the 
case of the flat plates, this lack of uniformity of velocity and 
pressure did not matter since the test measurements were con- 
fined to within a distance of 0.150 in. along the 12-in. diameter 
of the jet. 

The boundary-layer characteristics were determined by the 
pitot-tube method, this being the simplest and most practical 
way of obtaining the data for a preliminary investigation such as 
the one reported in this paper. The total head and static head 
were obtained by use of separate tubes, it being impossible, of 
course, to use the combined type of instrument because of the 
very small dimensions. Several total-head tubes were made, 
only two of which were used. A small static tube was also con- 
structed with the double intent of being able to measure both the 
static pressure at any point and yet have a tube small enough so 
that the pressure at different points within the boundary layer 
could be ascertained. This required that the dimensions of all 
the tubes should be of a lower order than that of the boundary 
layer, which itself becomes as low as 0.035 in. Sketches of the 
static tube and the larger of the two impact tubes are shown in 
Fig. 2. 

The pressure holes in the static tube could be moved to a point 
0.021 in. from the surfaces; the centroid of the area of the end of 
the tube was 0.009 in. from the surface. In the case of the small 
impact tube this distance was reduced to 0.004 in. The velocity 
measured was considered to be that at the centroid of the tube 
end opening. Due to interference, the measurements taken at, 
and very close to, the surface, gave high values. Readings taken 


2 ‘Reduction of Turbulence in Wind Tunnels,” by H. L. Dryden, 
Seventeenth Annual Report, National Advisory Committee for 
Aeronautics, Report No. 392, 1931, pp. 557-565. 

3 “Velocity Distribution in the Boundary Layer of a Submerged 
Plate,” by M. Hansen, National Advisory Committee for Aeronau- 
ties, Technical Memorandum No. 585, October, 1930. 
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Leading Edge 


Sketch Showing 
Model Mounting 


Side Elevation of Complete Set-up 


Fig. 1 


closer than 0.015 in. were discarded. The dimensions of the 
impact-tube orifices were measured with the aid of a micrometer- 
microscope. These tubes were calibrated carefully and found 
to possess a coefficient of unity throughout the range of velocities 
employed for the tests. The standard pitot tube adopted by the 
American Society of Heating and Ventilating Engineers was 
maintained at a fixed position in the flow during all the runs, its 
primary purpose being to indicate velocity variations in the air 
flow brought about by voltage variations in the motor line. 

The pressure manometers used were of the direct-lift type and 
were constructed by the laboratory mechanic. They are shown 
in Fig. 3. The liquid used in the manometers was methyl alcohol 
having a specific gravity of 0.80. The gages could be read to 
within 0.0001 in. of alcohol, but the accuracy attained in repro- 
ducing a reading was of the order of 0.001 in. with a variation of 
about 0.1 fps in the velocity range of the tests. These gages were 
very sensitive to changes in the air pressure of the laboratory 
brought about by the sudden opening of doors or windows. 

With the exception of the single glass plate, all of the models 
used were of smooth rolled sheet aluminum with a thickness of 
0.081 in. They were rectangular in shape, 12 in. long by 15 in. 
wide, with the 12-in. dimension always placed along the wind and 
the 15-in. dimension placed perpendicular to the jet axis. Since 
the longer side of each plate extended fully across the 12-in. di- 
ameter of the jet, and since the horizontal plane in which all the 
measurements were made was only °/s in. below the axis of the jet, 
two-dimensional flow over these portions of the plate surfaces 
was realized. The curved plates were rolled to the required 
curvature and checked by means of drawing sweeps. The enter- 


4“On the Conditions at the Boundary of a Fluid in Turbulent 
Motion,” by T. E. Stanton, D. Marshall, and C. N. Bryant, Tech- 
nical Reports of the Advisory Committee for Aeronautics (British), 
Reports and Memoranda, No. 720, vol. 1, 1919-1920, pp. 51-67. 
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ing edges were brought to their finished shapes by grinding, filing, 
and polishing with emery cloth. 

The exploring pitot tubes were held in a compound tool rest 
which could be moved in two mutually perpendicular directions 
as well as through any definite angle. This rest was mounted on 
a table as can be seen in Figs. 1 and 3. Positions normal to the 
plate surfaces were varied by means of the cross-feed and could 
be measured to within about 0.0002 in. Distances along the 
flat plates could be secured with the long feed, whereas, in the 
case of the curved models, the entire head had to be rotated for 
each new horizontal position in order that the cross-feed would 
always be normal to the surface. The plates were aligned rela- 
tive to the jet and to the pitot tubes by means of a square and 
plumb bob. The plates were all mounted with their entering 
edges 6 in. from the plane of the orifice, and pivoted at a fixed 
point. 

With the model clamped in its proper position and with the 
air flowing, the A.S.H.&V.E. tube was clamped in place and 
connected to one of the manometers. This manometer was set 
at a certain reading and the level was constantly observed and 
maintained at this value throughout the duration of a given run. 
Considerable trouble was at first experienced in accomplishing the 
latter result. Throughout any run the motor speed had an up- 
ward trend due to the heating of the field windings. This was 
offset to some extent by allowing the motor to run from 20 to 30 
min before taking readings. Superimposed upon this was a very 
poor voltage regulation which caused some swelling, up and down, 
of the manometer readings. A rheostat was inserted into the 
field circuit and used to compensate for these effects on the motor 
speed. Readings of the total head and static pressure were taken 
only when the control pitot tube indicated the proper velocity. 

The velocity of the main stream was in each case considered 
that just outside the boundary layer at the section being tra- 
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versed. In several instances, particularly in the case of the 
curved plates, there was a velocity gradient outside the boundary 
layer, but this was very much less than that within the layer and 
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was therefore neglected. All of the velocity determinations as 
measured by the tube and manometer were averages. In any 
given case this average should be close to the actual, a variation 
of +5 per cent in velocity causing an error of only +0.15 per 
cent in the averages as measured by the pitot tube. 

Variations in barometric pressure and air temperature were 
noted at all times during the tests, and the final results derived on 


Fie. 3 Manometers or THE Direct-Lirt Typr ror RADING 
Pressures WITHIN 0.0001 In. or ALCOHOL 


the basis of a temperature of 76 F and a pressure equal to the 
average of the barometric pressures for the tests. 


Tue Fruat-PLate Bounpary LAYER 


The first series of tests was made on a glass plate set parallel 
with the relative wind. The plate thickness was 0.198 in. and the 
entering edge was shaped as shown by the sketch in Fig. 4. 
Pitot-tube explorations were made at sections 7/s in., 27/s in., 
45/, in., 67/s in., and 87/; in. from the entering edge. The ve- 
locity-distribution curves for the several sections were typical of 
those for a flat surface, showing for the section nearest the en- 
tering edge a laminar condition of flow in the boundary layer with 
smaller thickness than at the other sections where the layer was 
turbulent. The comparatively blunt entering edge tends to 
bring about a turbulent flow. 

Fig. 4 shows the velocity-distribution curves along the flat 
aluminum plate for three points along the plate and for angular 
positions of 0, 5, and 10 deg with the air stream, and entering 
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edge of the same shape as in the case of the glass plate as shown by 
the sketch in Fig. 4. The general shape of the curves indicates 
that the layer has become turbulent at the last two traverse 
points on the plate when at 0 deg with the axis of the jet. 

For those cases where the flat plate was inclined to the wind, 
conditions of flow are altered from those which exist about the 
plate when aligned with the jet axis. The inclined plate surface 
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course the same held true of the average velocity. Inclining the 
plate caused a considerable reduction in the static pressure of the 
layer along the plate accompanied by a corresponding increase in 
velocity. 
Tue Buastus EQuAaTION 
The Blasius solution of the Prandtl boundary-layer equation 
gave the result 
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Fig. 5 Ovurves or u/U Versus y/\V/»;/U ror VELocitTy DistrIBUTION Over Frat PLares aT VARIOUS ANGLES WITH THB AIR STREAM 


tends to deflect the air stream, accelerating in particular that por- 
tion of the jet which approaches the entering edge of the plate, 
the jet velocity at this point being increased by about 5 per cent 
over the free-jet value when the plate occupies its 10-deg position. 
However, for points in the same jet section, at which the 5 per 
cent increase occurs, but in axial line with points 53/3 in. and 9!/s 
in. from the entering edge of the plate, the velocity increase was 
materially less. Thus, there was a gradient in the kinetic energy 
of the air mass as it approached the inclined-plate surface. 

The curves of Fig. 4 distinctly show that tilting the plate seems 
to maintain a laminar layer despite the blunt leading edge, the 
effect being most clearly shown in Fig. 5. Here all of the points 
fall on curves similar to the Blasius curve except the two rear 
points on the plate aligned with the jet flow. The thinning down 
of the entire boundary layer with increase of plate angle is 
plainly in evidence and is due of course to the increased addition 
of kinetic energy to the layer by the impinging air of the main 
flow. The reduction in thickness is particularly noticeable at 
the two rear sections of the plate, the change being greatest for 
plate positions between 0 and 5 deg, and then being much Jess 
for greater angles of inclination. 

While inclining the plate caused a reduction in the boundary 
layer as a whole, the layer maintained about the same variation 
in depth along the plate for all three positions relative to the jet 
flow. There was a tendency for the layer to thicken to a lesser 
extent for the 10-deg attitude of the plate. The static pressure 
in the layer remained constant for all three test locations along 
the plate whe then latter was parallel with the main flow, and of 
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Fig. 8 Curves or u/U Versus y/V/v;/U For VELOCITY DisTRIBUTION OVER CURVED PLATES 
(Re denotes radius of curvature.) 


6 = 6.55 V v,/U 


where U = velocity of main air stream, fps; 6 = the distance 
in feet normal to the flat surface at which the velocity in feet per 
second u in the layer is equal to 0.995 U; v = kinematic viscosity; 
and s = distance in feet along the plate surface at which the layer 
thickness is equal to 6. Due to difficulty in differentiating be- 
tween velocities that differ very little from one another, as occur 
at the boundary, the layer thickness 6 in the present case was de- 
fined as y at which u = 0.99 U. With this definition of 6 the 
Blasius solution changes to approximately 


6 = 4.75 Vv,/U 


The upper curve of Fig. 6 shows that the experimental results 
for the flat plate (but now with an entering edge beveled to the 
shape shown by the sketch in Fig. 7) parallel with the wind check 
well enough with this relation, giving 


§ = 4.65 V/r,/U 


The Blasius formula is based on the assumption of an undis- 
turbed flow onto the plate, and the relatively blunt edges used on 
both the flat glass and aluminum plates tended unduly to dis- 
turb the flow, and for this reason it was considered desirable to 
make the entrance conditions more favorable by giving the enter- 
ing edge of all the aluminum plates the form shown in Fig. 7. 
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Both of the curves of Fig. 6 indicate that the boundary-layer 
thickness for flat plates tends to vary directly as “/ v,/U for at 
least all angles of inclination up to and including 10 deg. 


Tue Curvep-PLare Bounpary LayER 

The curvature of the three models used had similar effects 
upon the boundary-layer characteristics as did the obliquity of 
the flat plates. The layer thickness increased along all of the 
plates until at a distance of 9 in. from the entering edge (measured 
along the surface) the layer showed a tendency to decrease in 
thickness, this change being most pronounced for the plate with 
a radius of curvature of 1 ft. Beyond the same point the static 
pressure in the layer decreased while the velocity increased. For 
all points between 0 and 9 in. along the plate surfaces both the 
static pressure and velocity in the layer remained fairly constant, 
although there were some indications of an increase of pressure 
and decrease of velocity between the entering edge and about 
the center of the plate surface. The reason assigned to the 
rather sharp changes in the boundary characteristics near to the 
exit edge of the plates was the presence of a region of reduced 
pressure on the opposite side of the plates in this locality. 

The curves of Fig. 7 show the velocity variation in the bound- 
ary layers at three points along the surfaces, and for three radii 
of curvature. The effect of surface curvature in maintaining 
laminar flow in the layer is clearly seen, and the plotted points 
of Fig. 8 give a still better illustration of this influence. The 
term R, in Fig. 8 denotes the radius of curvature of the plates. 
A study of the velocity curves of Fig. 7 brings out the interesting 
fact that extreme curvature tends to reduce materially the ve- 
locity of flow in all parts of the boundary layer for those sections 
of the plate nearest the entering edge. Evidently as the flow 
proceeds along the concave surface, the layer velocities near to 
the solid surface for the plate of 1 ft radius exceeds those of the 
plates with greater curvature, and this effect seems to grow along 
the plate. However, in the outer portions of the layers the effect 
of increased curvature is to reduce the velocity. 

The plotted points of Fig. 8, in a manner similar to those in 
Fig. 5 for the flat plates, are shifted various amounts toward the 
ordinate axis, but retain a trend in position comparable to that of 
the Blasius curve for flat plates. The displacement of the points 
seems to vary directly as the distance s along the plate surface, 
and as the amount of curvature 1/R,. 


Plotting values of 6 against V/ v,/U, Fig. 9, shows a nonlinear 
relation, with the slope decreasing as s increases. If log 6 is 
charted against log “/ v,/U it is found that the slope of the re- 
sulting curve is equal to 0.76. That is, 6 « (v,/U)%-*8. 
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GENERAL CONCLUSION 


As a general conclusion it may be stated that the results of the 
study show that obliquity and curvature (concave to wind) have 


KEY 
a/l Ft Radius 
o2” ” 
a3» ” 


Boundary Layer Thickness, Inches 


0 0.01 
ya's in Inches 
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a definite effect upon the characteristics of the boundary flow 
over smooth surfaces. Both factors produce like influences, 
namely, to decrease the layer thickness, and for the same reasons. 
The boundary-layer thickness continues to follow the tendency, 
as for the case of a flat surface parallel with the wind, of vary- 
ing directly as v,/U, and the effect of each one of these vari- 
ables may be isolated in the experimental data. 

The obliquity and curvature have an effect upon the velocity 
distribution within the boundary layer, although this effect is re- 
lated somewhat to the effect on the thickness 6. Obliquity and 
curvature also increase the slope du/dy and hence increase the 
intensity of skin friction. 
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The Accuracy of the Cleanliness-Factor 


Measurement for Surface Condensers 


By P. H. HARDIE! anv W. S. COOPER, BROOKLYN, N. Y. 


The authors outlined in a previous paper® an experi- 


» mental method for evaluating the performance of steam 


condensers in terms of a new quantity which was defined 
as the “‘cleanliness factor.’’ The method of determining 
the cleanliness factor is essentially a sampling process, 


- involving the measurement of the performance of a lim- 
* ited number of new and old isolated tubes. 


The present paper is concerned chiefly with the accuracy 
of this determination. The investigation reported herein 
was conducted for the specific purpose of determining 
whether the limited number of test tubes (24) heretofore 
used is sufficient to indicate adequately the cleanliness fac- 
tor of an entire condenser. By the use of 96 isolated test 
tubes, data were obtained to compute the probable accu- 
racy for any number of isolated tubes. The probable ac- 
curacy was found to be 98.4 per cent for 24 tubes, and 99.2 
per cent for 96 tubes. 


HE PURPOSE of this paper is to demonstrate the accuracy 
obtainable in measuring the cleanliness factor of surface 
condensers. This measurement, which is necessary to 
evaluate condenser performance in terms of tube fouling, was 
described by the authors in another paper.’ Briefly, this method 
consists of measuring, at specified conditions, the thermal trans- 
mittance of a limited number of old tubes together with an 


_ appropriate number of adjacent new ones specially installed 


just prior to the test. The cleanliness factor is computed by 
dividing the average transmittance of all the old tests tubes by 
that of all the new ones. As stated in the preceding paper,’ 18 old 
tubes and 6 new tubes, making a sample size of 24 tubes, was 
considered adequate for large condensers. This number was 
chosen for economic reasons. 

While there has been no doubt as to the possibility of accurately 
measuring the actual performance of individual tubes in a con- 
denser, it was felt that further investigation was needed to estab- 
lish the reliability of the adopted sample size. This process of de- 
termining the overall cleanliness factor from the performance of 
a limited number of tubes is analogous to the well-known sam- 


y) pling process of judging, for instance, the quality of a material or 


manufactured article from the inspection of a limited number of 
constituent samples selected at random. In the case of condenser 
sampling to determine the cleanliness factor, considerable latitude 
in the selection of the test group locations is permissible, but the 


1 Test Engineer, Brooklyn Edison Company, Inc. Mem. 
A.S.M.E. Mr. Hardie was graduated from the Alabama Polytech- 
nic Institute with a B.S. degree in mechanical engineering in 1921 
and later received his M.E. degree. He spent the following year at 
the Massachusetts Institute of Technology specializing in design 
and testing. He received early practical training with the Hardie- 
Tynes Manufacturing Company, Birmingham, Ala., and was associ- 
ated with the Westinghouse “Electric and Manufacturing Company 
until 1926 as a steam-turbine designer. Since 1926 he has been en- 
gaged in power-station testing for the research bureau of the Brook- 
lyn Edison Company, Inc. 

2 Assistant Engineer, Brooklyn Edison Company, Inc. Mem. 
A.S.M.B. Mr. Cooper was a member of the instrument test de- 
partment of the Taylor Instrument Companies in 1917 and 1918. 
He was graduated in 1924 from Cornell University with the degree 
of M.E., and received the degree of M.M.E. in 1932. In 1924 he 
was appointed to the engineering teaching staff of Cornell University 


groups must be distributed throughout the condenser so that 
all parts will be represented. A high degree of accuracy in de- 
termining the overall cleanliness factor by this method has never 
been claimed because it was realized that the sample size is 
governed by practical limitations. Prior to the previous paper,? 
however, one manufacturer expressed the opinion that the method 
would be acceptable if the true cleanliness were indicated within 
+5 per cent. Continued effort has nevertheless been made to 
develop the present method so that the error would not exceed 
+3 percent. It is believed that the tests described in this paper 
demonstrate the reliability of the cleanliness-factor determina- 
tion. 

To prove the adequacy of 24 isolated sample tubes in yielding 
a reliable value of cleanliness factor, the sample size was increased 
to 96 tubes. The test was conducted on condenser # on which a 
24-tube test was reported in the previous paper.’ This is a single- 
pass, 100,000-sq ft condenser, and was considered to be repre- 
sentative of operating conditions. 

Due to the prohibitive cost of equipment and personnel which 
would have been entailed had all 96 tubes been tested simul- 
taneously, it was decided to extend the test over a period of four 
days, and to test one fourth of the tubes each day. All the new 
tubes were installed while the condenser was withdrawn from 
service for installation of the test equipment. Those new tubes 
not used during any one day’s test were stoppered at both ends 
to prevent their fouling until used. However, the usual water 
flow through the old sample tubes was not disturbed until the 
selected group was isolated for testing. Even during the test 
period a flow rate corresponding to the average velocity for the 
entire condenser was maintained, the source of the circulating 
water being the same as for the condenser. Each night the hose 
jumpers were transferred to other selected groups until all 96 
tubes had been tested. The locations and groupings of the sample 
tubes are shown in Fig. 1. In selecting the group locations an 
effort was made to maintain, roughly at least, a constant ratio 
of sample tubes to total tubes in each part of the tube layout. 

It was anticipated that some progressive fouling of the sample 
tubes would occur during the four days of testing. The concur- 
rent reading, however, of the overall condenser transmittance 
served as an accurate measure of the increased fouling for cor- 
recting the test-tube values. 

During each day of testing the same sequence of loads was 
maintained on the condenser. These loads were held constant 


and was connected during the following three summers with the 
turbine engineering division of the Westinghouse Electric and Manu- 
facturing Company. Mr. Cooper has been associated with the re- 
search bureau of the Brooklyn Edison Company, Inc., since 1926. 
3A Test Method for Determining the Quantitative Effect of Tube 
Fouling on Condenser Performance,’ by P. H. Hardie and W. 8. 
Cooper, Trans. A.S.M.E., vol. 55, 1933, paper RP-55-3, pp. 37-49. 

Contributed by the Power Division and presented at the Annual 
Meeting of Tam AmpricAN Socirty or MrcuanicaL ENGINEERS, 
held in New York, N. Y., December 4 to 8, 1933. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until September 10, 1936, for publication at a later date. 
Discussion received after this date will be returned. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


349 


350 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


N33 | RB 
P3i tii Di? 
A Gs, 
t 2. 
B33 ah £ Qiz 
34 ae es 
Sey ; Vii 
t f 2 
ul LT ze 
Ei : t G33 
FY Wie 
T2 ne 
x44 if Kha 
SEY : Hf M2134 
a SSR zu 


Fie. 1 


(Each test tube was isolated and its heat transmittance determined. 


by locking the turbine inlet valves in positions to give the steam 
flows desired and by completely isolating the unit. The steam 
pressure at the condenser neck was measured with eight absolute- 
pressure gages, the condensate was weighed in the station 
weigh tanks, the circulating-water temperatures for the main 
circuit and for the isolated tubes were measured with high-grade 
thermometers and the flow rate through each isolated tube was 
indicated by means of a nozzle and sight glass. Sufficient data on 
the turbine were observed to obtain the values of enthalpy of the 
steam at the turbine exhaust. The main circulating-water flow 
rate was also computed, using the energy-balance method. All 
tests were of 1-hour duration and were performed at a single 
water velocity, namely, that corresponding to low-speed opera- 
tion of the circulators. Complete data were taken for determin- 
ing the overall performance of the condenser. These data, to- 


TABLE 1 COMPARISON OF HEAT TRANSMITTANCES OF EN- 
TIRE CONDENSER AND OLD TEST TUBES 
Load, Observed Heat transmittance, U 

Run 10§ Btu cleanliness Entire Old 
no. per hr factor condenser test tubes* 
1 904 0.55 316 311 

2 689 0.55 307 307 

3 569 0.56 297 297 

4 1228 0.54 322 O22 

5 898 0.52 301 285 

6 680 0.52 295 281 

7 572 0.51 286 272 

8 1245 0.50 307 288 

9 907 0.50 291 294 
10 690 0.50 284 289 
11 559 0.50 275 282 
12 1239 0.48 298 294 
13 912 0.50 280 275 
14 687 0.50 273 268 
15 571 0.49 269 265 
16 1236 0.48 287 279 
17 905 272 272 
18 683 262 264 
19 570 261 261 
20 1238 279 274 


@ Based on steam temperatures at top of condenser. 

U = heat transmittance in Btu per hr per sq ft per deg F log mean tem- 
perature difference. 

Nore: During the test the inlet-water temperature was 53 F and the 
water velocity was 5.3 fps. 


DiaGRaM OF INLET TUBE SHEET SHOWING TeEst-TUBE LOCATIONS 


The No. 1 tube in each group was new while the other three were old.) 


gether with those of the sample tubes, were obtained with the same 
degree of accuracy realized on formal acceptance tests. 

Table 1 gives a comparison between the overall transmittance 
and the average transmittance of the old test tubes. The fairly 
close agreement between them seems to indicate good sample 
selection. The small disparity appearing between the correspond- 
ing values of heat transmittance does not necessarily mean a 
significant error in the observed overall cleanliness factor. The 
cleanliness factor is subject to less variation than the correspond- 
ing transmittances. The heat transmittances of old tubes are 
affected by several variables, only one of which is the cleanliness 
factor. The maximum difference occurring between old tubes and 
overall transmittances during runs 5 to 8, inclusive, is probably 
due to less opportune sample selection than that obtained during 
the otherruns. The deviation of the cleanliness factor is, however, 
only 1.8 per cent. The average values of transmittance for the 
test tubes appearing in Table 1 have been referred to the steam 
temperature at the top of the condenser in order that transmit- 
tances may be comparable with the overall condenser. 

Those groups tested on the first day were retested on the fifth 
day. That the sample tubes fouled at approximately the same 
rate as the entire tube bank seems to be evinced by the fact that 
the average transmittance of the old test tubes agreed with the 
overall transmittance equally well on the first and fifth days as 
shown by Table 1. The observed values of cleanliness factor for 
the fifth day of testing (runs 17 to 20, inclusive) are not given 
because these were in error, due to fouling of the new tubes to 
the extent of about 21/2 per cent during the intervening four-day 
period. This might have been prevented had these tubes been 
thoroughly dried before stoppering them after the first-day’s runs, 
but their fouling during the intervening period was of no impor- 
tance as far as the primary purpose of the test was concerned. 

Table 2 gives the performance of all test tubes both in terms 
of heat transmittance and cleanliness factor. The transmittances 
were computed using the more exact method of referring the 
performance of the tubes to the estimated steam temperature at 
each group. The values of transmittance and cleanliness factor 
given in Table 2 closely approximate those that would have been 
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obtained had all 96 sample tubes been tested simultaneously. 
In order to compensate for the slight amount of unavoidable 
fouling which occurred during the period of test, the percentage 
deviation of the overall heat transmittance for any run from a 
mean value during the first four days of testing was applied to the 
individual values of heat transmittance for the old test tubes in 
order to correct them to the mean degree of cleanliness. The 
new tubes of course required no correction. The values given in 
Table 2 have been so corrected. In order to compute, with the 
same degree of accuracy, values of other combinations than 
those reported, an extra significant figure has been retained, which 
ordinarily would not be justified. 

The average cleanliness factor as determined from the 96 test 
tubes was found to be 0.509. The average for the 24 tubes tested 
the first day differed from this value by +1.0 per cent; those 
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tested the second day by —1.8 per cent; the third day by —1.0 
per cent; and the fourth day by +1.8 per cent. These devi- 
ations while of interest in that they give a practical demonstration 
of the agreement for different group selections, are not as reliable 
an indication of the accuracy as the probable error computed 
according to the methods of statistical analysis as given in the 
1933 A.S.T.M. Manual on Presentation of Data. The data 
were analyzed and found to conform to the normal frequency 
law which permitted computation of the probable error for any 
given number of test tubes. The method of computing probable 
error is given in Appendix 1. Fig. 2 shows the probable error 
plotted against sample size, the value for 24 tubes being 1.6 per 
cent. The corresponding accuracy of 98.4 per cent is of a reason- 
ably high order of magnitude for condenser-test measurements. 
More than 24 tubes would hardly be justified because of the 
diminishing returns afforded by increasing the sample size. 
Even with 96 tubes, the accuracy is improved only by 0.8 per 
cent, i.e., from 98.4 per cent to 99.2 per cent. On the other hand, 
a much smaller number of test tubes would entail too great a 
sacrifice in accuracy. While the foregoing values of accuracy are 
applicable only to the particular condenser tested and the specific 
test conditions, it seems reasonable to believe that the sampling 
accuracy would be substantially the same for other condensers 
and other operating conditions. For condensers having less 
than 8000 tubes, the authors believe that the number of sample 
tubes may be reduced to 16 and still obtain a degree of accuracy 
comparable to that reported in this paper. Less than 16 tubes 
should not be used on acceptance tests even for small condensers. 
While this concludes the report of the tests of 96 tubes, the 
authors would like to make this further observation. 

The present test together with two previous tests on the same 
unit at higher cleanliness factors has provided some interesting in- 
formation on the application of the cleanliness factor. As dis- 
cussed in the previous paper,’ one manufacturer has estimated that 
the overall heat transmittance is not reduced in direct proportion 
to the cleanliness factor. These tests would seem to indicate that 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


this is true for the condenser under discussion, but sufficient 
data are not available at present to establish any quantitative 
values. Further discussion of the probable relation between 
cleanliness factor and overall performance is given in Appendix 2. 

The authors desire to acknowledge their indebtedness to the 
following members of the research bureau, Brooklyn Edison 
Company, Inc.: W. J. Roberts and K. W. Bondurant who as- 
sisted in securing the test data and computing the results, and 
to E. Richman who made the statistical analysis. 


Appendix 1 


SratisticaL ANALYSIS OF CLEANLINESS-Factor Data 
FOR ACCURACY 


Since averages of samples are of value only when something 
is known about their accuracy, the test data were analyzed with 
this consideration in view. The problem centers around the varia- 
tion in cleanliness from tube to tube throughout the condenser or, 
in other words, around the determination of the frequency dis- 
tribution of the tube-cleanliness factors for the condenser as a 
whole. Since statistics is the most suitable tool for dealing with 
frequency distributions, modern statistical methods as given in 
the 1933 A.S.T.M. Manual on Presentation of Data have been 
used. 
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Fic. 3 DIsTRIBUTION OF THE CLEANLINESS-FACTOR VALUES 


(Frequency histogram of tube cleanliness for the 24 groups is represented 

by A. Computed frequency distribution of tube cleanliness for the entire 

condenser is represented by B. Coordinal values represent the relative oc- 
currences of respective tube cleanliness.) 


The first consideration was to check the data for control. The 
data checked were the cleanliness factors for each group of tubes. 
The average of the three old tubes for each group was treated 
as a unit or single sample. The 24 samples were divided 
into rational subgroups, six groups of four samples each. Limits 
of three times the standard deviation were set on the arithmetic 
means and the standard deviations of these subgroups. All 
values fell within the limits, indicating that the data were con- 
trolled. 

That the data were controlled is of twofold significance. First, 
it indicates that the variability was due to a constant system of 
chance causes and not to assignable causes that could have been 
eliminated. Thus, further refinement in test procedure (exclusive 
of sample size) would not be justified. Second, when the variation 
is due to a constant system of chance causes the frequency 
distribution closely approximates normality (normal-law curve). 
This then gives a basis for assuming the functional form of the 
distribution to be the normal-law curve. Fig. 3 shows the histo- 
gram for the samples selected and the corresponding normal-law 
frequency-distribution curve computed for the entire condenser. 

The two parameters of the normal-law curve, the average and 
the root mean square, or standard deviation, can be evaluated 
readily from the samples. The best estimate of the average is 
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the average of the samples, while the best estimate of the stand- 
ard deviation is the standard deviation of the sample corrected 
for a sample of 24 groups. The equation for computing the stand- 
ard deviation is 


Gee op | 
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Where o = standard deviation, X = value for any sample, X¥ = 
arithmetic mean of all samples, 7 = number of samples, and 1.045 
= constant to correct for sample size of 24 tubes. 

Having established the frequency distribution of the tube 
cleanliness, the accuracy of sampling in terms of probability was 
readily determined. Customary error theory was used where the 
total area under the frequency-distribution curve is taken as 
unity and the percentage of area lying within any chosen range 
represents the probability of the sample falling within that range. 
The commonest measure of error is the probable (50 per cent) 
error, computed from the normal-law curve and is equal to 0.675 ¢. 

In Fig. 2 the probable error determined from this test is plotted 
against sample size, expressed as number of tubes instead of 
groups. Where the frequency distribution follows the normal- 
law curve, the probable error is inversely proportional to the 
square root of the sample size. 


Appendix 2 


Tup INFLUENCE OF THE CLEANLINESS Factor ON THE OTHER 
CorreEctTIon Factors 


The cleanliness factor as defined and obtained from test data is 
a measure of the degree of fouling existing at the time of the test. 
This does not necessarily mean that the overall heat transmit- 
tance is reduced in direct proportion to the cleanliness factor, 
although in general this has been assumed by manufacturers to 
be the correct relation. In order for this simple relation to hold, 
other factors must remain unaffected by fouling, or the cleanliness 
factor must inherently correct for the changed conditions result- 
ing from fouling. The variations of the cleanliness factor with 
water velocity was demonstrated in the authors’ previous paper® 
to be inherently corrected for by the method used in measuring 
the cleanliness factor. This paper? also calls attention to the 
probability that the temperature of the circulating water has 
some effect upon the difference in overall performance with 
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different cleanliness factors, arid showed in Fig. 7c one manufac- 
turer’s estimate of that effect. 

The test reported in the present paper, together with two pre- 
vious tests on the same unit when the cleanliness factor was 
higher, indicates as seen from Fig. 4 that overall performance is 
not reduced in direct proportion to the cleanliness factor at 
inlet-water temperatures near 60 F. As can be seen from Fig. 4, 
the overall performance was reduced less than 1-CF, where CF = 
the cleanliness factor. The amount of the deviation from the 
direct proportionality is probably dependent upon other condi- 
tions which affect the overall performance, an important one of 
which is the temperature of the circulating water. 
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(This curve is applicable to condenser H when_the condensing-water tem- 
perature is close to 60 F.) 


It is suspected that the temperature factor is a function of the 
cleanliness factor. In other words, at a given temperature of 
inlet water, the temperature correction factor probably changes 
with cleanliness factor. Such an interrelation seems reasonable 
when it is considered that the commercial temperature factor 
is not solely a temperature-correction but also includes the effect 
on the transmittance of changes in steam penetration, density, 
and velocity which follow a change in water temperature. A 
decrease in the cleanliness factor has somewhat the same effect 
on the steam side as an increase in the water temperature. 

The application of the cleanliness factor is more properly a 
function of the condenser manufacturer, hence, the authors 
will not attempt to draw any conclusions, especially since the data 
available are meager. Discussion by the manufacturers on this 
phase of the subject is invited. 
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Failure of Metals Due to Cavitation Under 


Experimental Conditions 


By H. N. BOETCHER,! BALTIMORE, MD. 


The author is discussing cavitation experiments con- 
ducted at the Holtwood laboratory of the Safe Harbor 
Water Power Corporation and shows that metallurgical ex- 
amination supports the results of hydraulic research in so 
far as the mechanical character of cavitation is concerned. 
This support is given by indicative Rockwell hardness tests 
which show, with many metals, appreciable hardening of 
the surface affected by cavitation, by strain lines in copper 
alloys and austenitic steels, and by the type of failure. 
The author points out that the small area affected by the 
individual blows and the characteristics of the blows result 
in particular conditions which would justify the use of a 
special term for this type of attack, such as “cavitation 
fatigue.’”’ He concludes that in order to have high resist - 
ance against cavitation fatigue, the metal should have 
high corrosive resistance in the water in which it is used, 
and physical and metallurgical properties which result in 
high fatigue resistance. 


ANY years of research have succeeded finally in establish- 
M ing certain facts about cavitation which, though they may 

not be complete, give a definite idea of the manner in 
which cavitation occurs. A great deal of the work has been done 
by or under the sponsorship of the Safe Harbor Water Power 
Corporation. J. M. Mousson, of this company, has adapted an 
arrangement at the Holtwood plant of the Pennsylvania Water 
and Power Company which permits the localization of cavita- 
tion in a limited area. This has made it possible to obtain 
quantitative tests of the resistance of various materials to cavi- 
tation, within reasonable test periods. It is expected that the 
results of an extensive series of tests involving many materials 
will be published later after this research work has been finished. 
It is hoped that discussion of the present paper will facilitate 
the interpretation of the experimental work done. 

The character of cavitation has been established to a certain 
extent, but the reaction of the material to the attack and the 
manner of pitting are not yet understood although different 
theories have been proposed. The author investigated the pitting 
by examining a number of specimens which had been subjected 
to cavitation in the Holtwood laboratory testing equipment. 
The results warrant definite conclusions which are outlined in 
this paper. 


1 Assistant to Superintendent of Steam Stations, Consolidated Gas 
Electric Light and Power Company, Baltimore, Md. Mem. A.S.M.E. 
Mr. Boetcher was graduated as Diplom. Engineer in 1922 from the 
Technical University of Hannover, Germany, and then served until 
1924 as assistant mechanical engineer with the North-West German 
Power Company, Hamburg, Germany. Since 1925 he has been em- 
ployed in his present position. 

Contributed by the Hydraulics Division and presented at the 
Annual Meeting of Tae AMERICAN Society OF MrcHANICAL ENGI- 
NEERS, held in New York, N. Y., December 2 to 6, 1935. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until September 10, 1936, for publication at a later date. Discussion 
received after this date will be returned. 

Norse: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those of 
the Society. 


CAVITATION AND OTHER Tyres OF HyprauLic ATTACKS 


In view of the lack of exact knowledge up to recent times with 
regard to cavitation, it is possible that some hydraulic failures 
have been ascribed to cavitation which essentially were due to 
other types of attack. These include especially such jet effects 
as appear in the cutting of boiler and superheater tubes by steam 
escaping from leaks or discharged from soot blowers, or in the 
cutting of steam-valve seats (wire drawing), and, in addition, 
impingement effects of the type found in piping and condenser 
tubes. 

The jet effect, which may appear either with liquids or steam, 
involves a continuous pressure on the surface, resulting in a 
grinding or cutting action which often results in smoothly cut 
grooves. The mechanism is probably a surface corrosion, with 
practically simultaneous removal of the products of corrosion 
by the erosive effect of the jet. The impingement type of attack 
is somewhat different. It is often connected with the turbulence 
created by some obstruction to the flow of the water. Impinge- 
ment is probably caused by the exposure of the surface to the 
air bubbles contained in the turbulent water and the action, 
similar to jet attack, is corrosive-erosive. Surfaces exposed to 
this type of impingement attack are often, especially in the case 
of copper alloys, bright and smooth, with grooving and under- 
cutting depending on the flow conditions. The similarity of jet 
and impingement effects of the types mentioned is evident from 
the similarities of the surfaces thus attacked as shown in Figs. 
1 and 2. 

The fundamental difference of cavitation from jet and impinge- 


contact between the wall and a liquid flowing at high velocity. 
This may be due to flashing of water into bubbles of low-pressure 
steam, to forming of vortices, or to a number of various causes 
which will not be discussed here. The subsequent collapse of 
these cavities in zones of lower velocities results in violent water- 
hammer effects as the water penetrates into the empty space 
created by the condensation of the steam at the walis. For 
details of this action, reference is made to papers such as “Cavita- 
tion Research,” by J. C. Hunsaker.? The action is modified by \ 


number of blows per unit area, and the resistance which the 
affected surface is able to offer. Variations in the first two factors 
may be such that transition types of attack between cavitation 
and corrosive or corrosive-erosive effects result. This paper will 


2 “Cavitation Research,” by J. C. Hunsaker, Mechanical Engineer- 
ing, vol. 57, April, 1935, pp. 211-216. 
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be confined to the effect of cavitation on metals such as produced 
under the Holtwood test conditions. 


DESTRUCTION BY CAVITATION 


Compressive Action. The resistance of a metal to cavitation 
depends largely on its physical properties. If the stresses caused 
by the collapse of the fluid cavities are higher than the compres- 


Fig. 1 Sream-Cur SuPERHEATER TUBE (X 2) 


Fig. 2 


FREE- 


Fie. 3 Prrrep CaviTaTIon-TxEsT SPECIMEN. 
MacuinineG 15 Per Cent Coromium Iron (X83) 


sive yield point of the metal, each blow will exhaust its energy 
by causing a deformation. This action will be continued by 
subsequent blows until either the plasticity of the metal has 
been exhausted and it breaks under the compressive stresses, 
or until strain hardening has produced a layer with a combination 
of thickness and hardness that is high enough to stand the 
battering without further plastic deformation. An analysis of test 
results seems to indicate that the minimum hardness required for 
satisfactory resistance is high because considerable surface hard- 
ening was found even in materials having a hardness of more than 
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Brinell 400. The thickness of the strain-hardened layer varies 
with the initial hardness and with the susceptibility of the metal 
to strain hardening. When this susceptibility is high, a very 
thin layer of quite hard metal is formed. When it is low, the 
strain-hardened layer is thicker, with a correspondingly lower 
surface hardness. 

The effect of surface strain hardening is superficially indicated 
by increases in Rockwell hardness. Hardness determinations 
of this type which have been made so far with nearly one hundred 
ferrous and nonferrous materials have shown increases in surface 
hardness which occasionally, for reasons as yet unexplained, 
seem to exceed those that can be obtained by other means of 
work hardening. However, the practical value of such tests is 
somewhat limited as they do not sufficiently differentiate between 
thin layers of great hardness and thicker layers of lower hardness. 
The microscope gives indications regarding the thickness of the 
layer wherever strain lines appear. It may be possible to de- 
termine, or at least approximate, the actual surface hardness. by 
using a Vickers tester which was not available for this examina- 
tion. However, even this is doubtful as samples of austenitic 
stainless steel showed strain lines in layers which occasionally 
were no thicker than one grain. 

A micrograph of cast gun metal shown in Fig. 4 reveals 
the strain lines in a metal which 
had a low compressive strength 
even after strain hardening and 
crumbled under the blows of the 
cavitation attack. This metal 
had a hardness of Rockwell B 29, 
with an apparent increase to B 
57 in the zone affected by cavi- 
tation. Strain-hardened surface 
layers appear also in other micro- 
graphs, such as Figs. 7 and 10. 

Cavitation Fatigue. If the ini- 
iat ROR Etch enough to 
withstand the stresses exerted by the collapse of the fluid cavities 
(this, so far, is a theoretical case), or after the strain hardening 
has formed a layer of such metal at the surface of softer materials, 
the attack naturally assumes an entirely different aspect. The 
individual blows stress the metal to a point below its compressive 


Fie. 4 Strain Lines anp Cracks 1n Cast Gun Mera 
(X 500) 


HYDRAULICS 


yield point. A continuous stress of this magnitude would not 
result in deterioration. However, the stress is intermittent, recur- 
ring millions of times. Research and experience have shown that 
this type of stress variation is likely to cause the failure of metals 
even though the maximum stresses never reach the yield point. 
With decreasing stresses, an increasing number of stress recur- 
rences is needed to produce failure, and most metals have a defi- 
nite low limit, below which they will not fail, regardless of how 
many stress variations occur. The failure of metals under stress 
variations is known by the term “fatigue;” it is the type of 
breakdown that causes, by far, the largest number of mechanical 
failures of metallic equipment. As most of the cavitation speci- 
mens tested are subjected to fatigue conditions during all or part 
of the test periods, it is necessary to consider the mechanism of 
the failure, as far as it is affected by cavitation conditions, and 
the factors which influence the resistance of metals to fatigue 
failure. 

Impact fatigue (or impact-corrosion fatigue) is encountered 
in some other cases and has, for instance, caused the failure of 
gear teeth. In cavitation, the individual blows hit a small sur- 
face with high unit stress though the total energy of the blow 
is low. On the basis of existing theories on fatigue, the energy, 
disregarding certain metals such as lead, is absorbed by intra- 
crystalline deformation; as the energy is small, the deformations 
are confined to a thin surface layer. Although the exact action 


Fic. 5 Cavitation Cracks in Larce Crystat or Cast 
Copper ALLoY (400) 


within the crystal may still be subject to dispute, it seems to be 
a generally accepted fact that some sliding takes place along 
crystallographic planes which, occurring repeatedly, eventually 
results in cracks. The particular conditions of cavitation seem 
to make it possible sometimes to observe stages of this process in 
materials which consist of large crystals as the small area affected 
by the individual blows is likely to cause cracking along a number 
of planes in an individual crystal. Figs. 5 and 6 show cracks in 
crystals of a cast copper alloy which follow, at least in part, the 
apparent crystallographic planes although inclusions seem to 
have determined the course of many of the cracks. The cracks 
are often very narrow; a width of as little as 0.0001 mm (0.000004 
‘in.) was measured in many cases. This was the only one of the 
‘specimens examined which showed this condition. 

The small total energy of the individual cavitation blows may 
not be sufficient, in some cases, to drive the cracks across the 
-erystal or grain-boundary lines which offer an increased resistance 
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as indicated in Fig. 5 and may, therefore, destroy the crystals 
one after the other. Ordinarily, however, the cracks will cross 
the grain-boundary lines and have the well-known appearance 
of normal fatigue cracks as shown in Figs. 7, 8, 9, and 10. Since 
cavitation is a surface attack, these cracks will not proceed into 
the metal beyond a distance from the surface which depends on 
the properties of the metal. 

The resistance of the metals to “cavitation fatigue,’’ as this type 
of failure may be designated to direct attention to the peculiar 
conditions of the action, is influenced by the fatigue resistance 
of the metal and by factors which cause stress concentrations, 
such as surface conditions, inclusions, and corrosion. Some 
evidence on hand seems to indicate that the grain size is another 
factor. 


Factors INFLUENCING RESISTANCE TO CAVITATION FATIGUE 


The fatigue strength of a metal is a physical property in so far 
as it can be expressed by curves showing the stress variations in 


Fic. 6 Caviration Cracks In LARGE CrysTAL oF Cast 
Copper AuLoy (xX 1000) 


combination with the corresponding numbers of repetitions 
needed to cause failure. As a matter of experience, the fatigue 
strength often is indicated roughly by the hardness. This is 
correct only within the range of ordinary hardness and not at 
extremely high hardnesses when brittleness and spalling condi- 
tions disrupt any even approximate relationship between hardness 
and fatigue strength. If fatigue is the outstanding factor in 
cavitation pitting, this explains the approximate correlation 
between hardness and resistance to cavitation found by the 
Safe Harbor Water Power Corporation. Furthermore, it is 
important that deviations from this relationship, as far as they 
were examined, are always connected with features of the metals 
which are known to affect the fatigue resistance. 

As the force of cavitation affects only the metal at and close 
to the surface, the fatigue resistance or, as far as indicative, 
the hardness of the surface itself is a deciding factor in the initial 
pitting. This hardness, as compared with the average hardness, 
may be lowered by such factors as thermal conditions during 
manufacture and decarburization of steels; it may be increased 
by heat-treatment and by mechanical working during manu- 
facture or during cavitation. A thin layer of great hardness 
apparently is preferable within reasonable limits to a thicker 


layer of lower hardness, a condition which explains the relatively 
high cavitation-fatigue resistance of metals with high suscepti- 
bility to strain hardening, such as the 18-8 steels. 

As already mentioned, grain size is a possible factor in cavita- 
tion-fatigue resistance. It is usually difficult to obtain direct 
comparisons for showing the influence of grain size on fatigue 
resistance inasmuch as either chemical composition or physi- 
cal properties vary. Two of the copper alloys which were 


tested had practically equal hardness, but differed greatly in 
grain size. 


Fig 7b 
(X 500) 


Fig. 7 CavitTaTIoN-FATIGUE AND CORROSION-FATIGUE 
CRACKS AND Suip Banps in Cast ALUMINUM BroNzE 


Neither specimen showed indications of attack by corrosion. 
The loss of weight of the large-grained specimen was nearly eleyen 
times as high in the cavitation test as that of the small-grained 
specimen. A certain relationship between loss of weight and grain 
size appeared to exist also in the case of austenitic steels. It 
should be noted that the large grains in these cases actually 
represented individual or, at least, large crystals. Therefore, it 
is suggested that a large crystal size may be detrimental under 
these fatigue conditions, rather than a large grain size. This 
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would be consistent also with the theories regarding the progress 
of fatigue failures. 

As mentioned previously, stress concentrations are of greatest 
importance. Under static stresses, a concentration of stresses 
above the yield point causes deformation which results in a dis- 
tribution of the stress peaks over a larger cross section and, ac- 
cordingly, in a lowering of the unit stress. As alternating stresses 
do not have to exceed the yield point to cause fatigue failures, 
concentrations of stresses are not relieved as long as the yield 
point is not passed. Stress concentrations are caused by numer- 
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ous conditions. The peculiarities of cavitation limit the sources 
of stress concentration mainly to surface irregularities and to 
inclusions in the metal. This indicates that homogeneous metal 
should be employed and that the surfaces should be as smooth 
as possible. The tests plainly showed the influence of inclusions. 
For instance, a high-alloy cast iron of the Ni-Resist type with 
good physical properties and high corrosion resistance was 
destroyed rapidly since the graphite flakes provided numerous 
points of stress concentration as indicated in Fig. 11. The 
correlation between inclusions and cracks is indicated also by 
Fig. 12, representing a copper alloy. 

The influence of corrosion on fatigue failures is well known. 
As the extent to which materials corrode in any medium depends 
on a number of variables, such as temperature, surface conditions, 
and time of exposure, corrosion-fatigue strength cannot be con- 
sidered to be a physical property of a metal. The principal 
function of corrosion in fatigue is probably the creation of 
numerous points of stress concentration which both start and 
accelerate the progress of fatigue cracks. As the resistance of a 
metal to fatigue is often lowered to a fraction by the presence of 
a corrosive medium, it is probable that corrosion played an im- 
portant part even in the accelerated cavitation tests. Most 
metals tested had a fairly high corrosion resistance. It is probable 
that the mechanical fatigue attack was so violent that corrosion 
did not greatly influence the comparative losses of weight 
except in the case of easily corroded materials. It seems 
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certain, however, that service pitting under cavitation is in- 
fluenced by corrosion to a greater extent, due to the longer 
exposure of the metal to corrosive attack. The presence of 
corrosion fatigue is indicated by a number of typical corrosion- 
fatigue cracks. Some of the cracks shown in Fig. 7 are representa- 
tive of this condition. 


ProGREsS oF PITTING 


The conditions outlined here result in an initial pitting which 
takes place either by crushing or by the breaking out of small 
pieces isolated from the remainder of the metal by fatigue cracks. 
After pitting has started, the resulting conditions favor quick 
progress. The impact pressures imparted by the cavitation are 
distributed in three dimensions in the pits where the rough sur- 
faces offer many points of stress concentration. The result is a 
sidewise spreading of the destruction as well as a deepening of 
the pits. This action usually is considerably more violent than 
the continued surface attack next to the pitted area. Further- 
more, some materials are weak in certain directions as, for in- 


stance, when rolling or other processes give a definite directional 
distribution of chemically or metallurgically weak constituents. 
In these cases, the cavitation fatigue cracks, as in any other type 
of failure, follow lines of combined least resistance and highest 
stress. The resulting partial weakening of the material may 
permit bending effects which, when the underlying metallurgical 
facts are not understood, appear peculiar and may be responsible 
for incorrect deductions. Two examples are shown by Figs. 3 
and 14. The flaking and plowing effect shown by Fig. 3 is 
explained by the streaks of sulphides in the metal shown in Fig. 
13 which are favored paths of fatigue cracks spreading underneath 
the surface. The flake shown in Fig. 14 was bent up by the force 
of the water penetrating into a fatigue crack passing through the 
long grains of ferrite formed by the rolling. 


CoNCLUSIONS 


The metallurgical examination supported the results of the 
hydraulic research, in so far as the mechanical character of 
cavitation is concerned. This support is given by indicative Rock- 
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Fig. 11 Cast Ni-Resist at Pirrep Surrace (100) 


well-hardness tests which show, with many metals, appreciable 
hardening of the surfaces affected by cavitation, by strain lines 
in copper alloys and austenitic steels, and by the type of failure. 
The cayitation attack is substantially a special type of impact 
corrosion fatigue. The small area “affected by the individual 
blows and the Characteristics of the blows result in particular 
conditions which would justify the use of a special term for this 
type of attack, such as “cavitation fatigue.” 

In order to have high resistance against cavitation fatigue, the 
metal should have high corrosion resistance in the water in which 
it is to be used and physical and metallurgical properties 
which result in high fatigue resistance. It should be 
homogeneous and free from inclusions. It should have 
high fatigue strength. This involves high initial hard- 
ness, with satisfactory toughness, or susceptibility to 
considerable strain hardening, with good initial hardness. 
As strain hardening by cavitation in service causes 
small irregularities in the surface, a prehardening of the 
surface should be useful for delaying initial pitting; this 
has been tried successfully in other cases involving fa- 
tigue. It may, however, not be practical in many cases 
as no process known at present can be used to produce 
smooth hardened surfaces on the more complicated shapes 
of runner blades. A numerical evaluation of a fatigue 
strength that would be required to withstand cavitation 
cannot be made at present, and may never be possible, 
in view of the varying conditions; so far, all materials 
tested have been deteriorated in varying degrees by 
cavitation. Reduction of possibilities of stress con- 
centration requires the best possible smoothness of all 
surfaces exposed to cavitation attack. 
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Penniman, Jr., superintendent of steam stations. The specimens 
shown in Figs. 8,°9, 10, and 14 were prepared by the Rustless 
Iron Corporation of America. The concentration of cavitation 
obtained by Mr. Mousson’s test arrangement is no doubt largely 
responsible for the pronounced character of the pitting features. 
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Plunger Lift for Pumping Deep Wells 


By H. W. FLETCHER,! HOUSTON, TEXAS 


Conditions in the operation of deep wells are unfavorable 
in general to the economical performance of displacement 
pumps. The plunger-lift method of raising oil from deep 
wells avoids high operating pressures and close-fitting 
moving parts, and therefore reduces maintenance, the 
chief expense item in the handling of pumping properties. 
This equipment, operating on relatively low gas pressures, 
is well adapted to supplement gas-lift installations and 
in general utilize the initial investment in such auxiliary 
equipment as compressors, separators, and piping to 
produce the property down to the point of abandonment. 
The plunger lift is so designed that high working stresses 
are eliminated, thus avoiding rapid deterioration and re- 
sulting in nearly 100 per cent salvage value. Field tests 
indicate that a material reduction in lifting costs can be 
obtained by the use of this pumping method. 


INTRODUCTION 


HE economical raising of a column of liquid consisting of a 

mixture of oil, salt water, paraffin, sand, and gas, which is 

often corrosive in character, with a pump designed to 
operate at or near the bottom of a deep well and to discharge 
against a working pressure determined by the distance through 
which the fluid is lifted, offers a problem of very considerable 
difficulty. The fact that the discharge pressure is high, often 
from 1000 to 2000 lb per sq in. in wells 4000 to 6000 ft deep, re- 
quires either a close-fitting displacement pump or some form of 
multistage high-speed centrifugal pump, either of which is neces- 
sarily short-lived when an appreciable quantity of sand is present. 
In addition, the presence of gas is a serious disadvantage to the 
satisfactory performance of displacement pumps designed to 
handle liquids, since the volumetric efficiency may be affected 
very unfavorably. When it is considered that the expense of 
repairing these pumps includes a considerable outlay for labor 
and loss of production while the equipment is being removed 
from and replaced in the well, it is evident that the pumping 
expense will necessarily be far in excess of that realized with 
surface equipment operating under more favorable circumstances. 
Note moreover, that there is no surface equipment available at 
present which is capable of regularly handling a gassy gritty 
fluid with any degree of success against pressures approaching 
2000 Ib per sq in. Consideration of these pumping requirements 
will indicate at once that the difficulty hinges on the simultaneous 
occurrence of sand and gas in the fluid, together with the require- 
ment of high discharge pressure. 


1 Chief Engineer, Hughes Tool Company. Mem. A.S.M.E. Mr. 
Fletcher was superintendent of the Pennington Steel Tube Company, 
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position as engineer with Hughes Tool Company, and in 1918 was 
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To eliminate high discharge pressure, the well fluid must ob- 
viously be raised in charges, each load being lifted the entire 
distance and discharged before the next is picked up. If the 
apparatus is to handle fluid containing high percentages of sand 
without exhibiting a degree of wear that would appreciably affect 
performance, the initial fit of all moving parts must be relatively 
loose. In attempting to devise a method of pumping that would 
permit raising fluids from deep wells in intermittent slugs and 
with loose-fitting parts, the writer in 1924 devised the system 
which has since become known as the plunger lift, and which, to 
a very considerable degree, meets the requirements as outlined. 


CoNSTRUCTION OF THE PLUNGER LIFT 


The equipment used in carrying out the plunger-lift cycle is 
shown in section in Fig. 1. A loose-fitting, all-metal plunger P 
operates in a special string of tubing supported on a tubing 
hanger F. This plunger is provided at the lower end with a 
strainer K, and a footpiece J to stop the plunger, while at the 
upper end it has a rubber safety bumper B to receive the plunger 
should it for any reason come to the surface dry. Within the 
flow head D is a short length of perforated pipe # through which 
the fluid and gas are discharged normally by way of the discharge 
manifold G. Gas is introduced at the input manifold H and 
passes down the well between the tubing and casing to the perfo- 
rated strainer at the lower end and then returns through the 
tubing and passes off through the discharge manifold. In normal 
operation the by-pass valve M is closed and the trap valve C is 
wide open. Needle valves provided with graduated scales are 
installed in both the input and discharge manifolds to permit 
close regulation of both gas and fluid. 

The plunger, illustrated in Fig. 2, consists of four parts, a shell 
A provided with grooves to assist in scraping paraffin, a seat ring 
B held between the shell and the cage C, and a valve D loosely 
fitting in the cage C and arranged to close the bore through the 
plunger when raised to meet the seat ring. Plunger, valve, and 
cage are so proportioned that the valve will remain open when 
the plunger is falling through either gas or liquid, this being 
accomplished by proper streamlining of the cage and ports and 
by maintaining the proper relationship between weight and area 
of the valve. The plunger is dropped in the tubing, falls rapidly 
through the gas, more slowly through the fluid, and finally settles 
down on the cushion seat J shown in Fig. 1, thereby closing the 
valve. Slippage of gas is then prevented and the gas raises the 
plunger with the load of fluid above it the full distance to the 
surface where discharge takes place. 

Approximately 0.020-in. clearance is allowed between the plunger 
diameter and the bore of the tubing for handling oils of from 25 
to 40 A.P.I. viscosity or for water. Even with this relatively 
large clearance, no leakage of gas occurs as long as the rising 
velocity is maintained above a certain critical value. The gas 
pressure below the plunger is, for steady motion, greater than the 
oil pressure above the plunger by an amount equal to the weight 
of the plunger, and that pressure difference tends to displace the 
oil film upward from between the plunger wall and the tubing 
wall. The velocity at which this displacement occurs for a given 
plunger, and hence for a given differential pressure, is inversely 
proportional to the viscosity of the fluid and directly proportional 
to the square of the clearance. It is obvious that if the plunger 
rises more rapidly than the film can be displaced, no leakage of 
gas can occur. A film of liquid is left behind adhering to the 
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THe PuuNGerR-Lirr EQuIPMENT FOR PumMPING DEEP 
WELLS 


wall of the tubing, but once operation is established an equal 
film is picked up ahead of the plunger so there is no net loss of 
fluid during the rising stroke. 

The valve must, of course, remain closed during the rising 
stroke. This is accomplished by making its weight per square 
inch of exposed area appreciably less than that of the plunger 
body per unit of exposed area. 

The cushion seat J shown in Fig. 1 is provided with a coil 
spring designed to absorb the full energy of the plunger when 
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falling at a rate of 100 fps through gas, and comes into play only 
when oil is driven away from the seat and the plunger strikes dry. 
This condition may occur through unskilled handling when the 
unit is first started operating. As the plunger reaches the sur- 
face with its load, part of the fluid is forced past the perforated 
nozzle into the dead end of the tubing above and serves as a 
cushion to stop the plunger as it passes the perforations, and the 
impact of the plunger against this stationary fluid slaps the valve 
open so that the plunger can return to the bottom of the tube. 
The comparatively small amount of fluid above the perforations 
at the time the valve opens tends to fall back into the well, but 
meets the stream of gas exhaust- 
ing through the now opened plunger 
valve and is blown out through the 
discharge manifold. 

Should it be desired for any rea- 
son to remove the plunger from the 
well, this may be accomplished by 
closing the shutoff valve O and open- 
ing the by-pass valve M. On the 
next stroke the fluid will not be 
discharged through the nozzle, but 
will rise to the extreme top of the 
tube and discharge through the 
hollow rubber bumper. The dis- 
charge will be delivered by way of 
the by-pass R into the discharge 
manifold. The plunger will follow 
the fluid the full distance to the top 
and will stop with the upper end 
pressed against the rubber bumper, 
in which position it is held by the 
gas pressure from below. The trap 
valve C of the plunger is then 
closed. The by-pass valve M is also 
closed and the cap may be un- 
screwed from the bumper housing 
at A, and the bumper and plunger 
fished out with a hook. 

When a new plunger is inserted, 
it is lowered into the tubing until it 
rests on the gate of the plunger trap 
valve, after which the bumper parts 
are reassembled. The trap valve is 
then opened slowly and, as the gate 
slides out from under the plunger, 
the plunger valve is first permitted 
to drop open and then the plunger 
is released to fall to the bottom of 
the tube. 

If for any reason the plunger 
sticks in the tubing with the valve 
open, it is impossible to apply gas 
pressure to force it loose since the 
flow of gas through the open valve 
will not cause it to close. In such 
a case, a small tear-drop-shaped 
fishing tool 7 shown in Fig. 1 is 
dropped into the tubing and wedges 
tightly into the bore of the plunger 
sleeve. The gas pressure can then 
be applied to blow the plunger loose. 
The place at which the plunger is 
stuck can be approximated by 
timing the fall of the fishing 
tool. 


Fie. 2 
OF THE PLUNGER ~ 


SEcTIONAL View 
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In case the plunger lift has been in operation, and it is known 
that the mechanical clearance in the tubing will pass the plunger 
and it is suspected that the stoppage is due to paraffin, it is usually 
desirable to put gas down the tubing and force the plunger to 

| bottom. The gas connections are then reversed to bring the 
plunger back to the top where it can be removed and a clean 
plunger inserted with little loss of time, and usually with no loss 
of production. The input and discharge manifolds are so ar- 
ranged that gas can be introduced either into the tubing or into 


_, the casing, and liquid drawn off from the well either from casing 


or tubing merely by opening or closing the appropriate valves. 

Each unit is equipped with a two-pen pressure recorder, one 
pen reading casing pressure and the other pen tubing pressure 
between the flow head and the regulating bean in the discharge 
manifold G. In most cases the casing pen records a rather 
uniform pressure, while the tubing pen shows a fluctuation at 
each stroke. The variation in pressure depends largely on the 
amount of fluid lifted per stroke. 


OPERATION OF THE EQUIPMENT 


The plunger lift is intended to supplement gas-lift operations, 
its use being indicated when the performance of the well has de- 
clined to a point where gas lift is no longer economical. The sole 
reason for employing the plunger is to prevent slippage of the 
gas past the oil in the tubing, thereby making it possible to raise 
a relatively small load, at a comparatively low velocity, the full 
distance to the surface. Lifting pressure then becomes independ- 
ent of depth, but depends only on the size of the slug of fluid 
lifted each stroke, the diameter of the tubing, and the speed with 
which the load is raised. As is well known, the diameter of the 
flow tubing should be altered in a straight gas lift as the capacity 
of the well declines in order to maintain the proper velocity and 
avoid excessive by-passing of gas. A similar result is accom- 
plished automatically with the plunger lift, since the load lifted 
becomes smaller as the production of the well declines with a 
corresponding reduction in operating pressure. 

In making an installation in a new well it is desirable first to 
collect all of the data available such as well capacity, bottom hole 
pressure, pumping level, and gas-oil ratio. The lower half of the 
flow-head is then installed on the casing and the plunger-lift 
tubing is run shortly below that point at which it is estimated 
the pumping level will stand. The nozzle and flow-head bowl are 
then attached to the string and lowered in place after which the 
bonnet bolts are installed. 

When surface connections are completed, gas is turned into 
the input manifold. This raises the casing pressure but does not 
at first affect the tubing pressure. When the fluid is displaced 
from between the tubing and casing, the gas begins to escape 
through the tubing, a slight rise in tubing pressure will be indi- 
cated on the gage. The difference between casing and tubing 
pressure is a rough measure of the quantity of oil in the tubing 
above the footpiece. A plunger is then dropped as previously 
described, and operation begins. As production proceeds there 
wil] usually be a decrease in casing pressure caused by the 
lowering of the level of fluid in the well, which in turn reduces 
the length of the column of fluid raised with each stroke of the 
plunger. Should these slugs become unduly short, or the pro- 
duction be less than expected after the pressures have flattened 
out and remained constant, a guess is then made at how much 
deeper to set the tubing to secure the desired operation. It is 
better, in general, to make the first setting too high as equipment 
is more readily started, and information regarding well character- 
isties is more rapidly secured, than would be the case were the 
initial setting too deep. 

The extent to which fluid level will vary between the headed-up 
condition and the pumping level at a given production rate varies 
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enormously in different wells, being dependent primarily on for- 
mation pressure and sand porosity, and therefore in part related 
to well capacity. In other words, where the formation is very 
porous, the well will make large quantities of fluid for a relative 
small differential from formation to bore, and pumping at any 
practical rate will lower the fluid level by a relatively small 
amount. On the other hand, in exceedingly tight sands the 
headed-up level may stand 3000 to 4000 ft above the bottom of 
the hole, and yet when pumped down to the bottom, the well may 
yield only a few barrels of oil per day. In wells of this latter 
type, the starting of a plunger-lift unit offers some difficulties 
and the most satisfactory arrangement in any particular instance 
depends largely on local conditions. To date, the various meth- 
ods of starting the operation of the plunger lift are: First, the 
use of high-pressure gas; second, so-called “kick-off” or starting 
collars with relatively low-pressure gas; third, the use of simple 
perforated collars appropriately spaced and used mainly where, 
due to proration, the normal operation is intermittent; and 
fourth, swabbing. 

In districts where high-pressure gas is available, say 1000 to 
1500 lb per sq in., gas is simply introduced into the casing and 
the pressure built up until the oil is all displaced from the casing 
into the tubing. When gas breaks through at the footpiece, the 
tubing is violently unloaded by gas-lift operation. The per- 
formance is controlled by properly choking the flow with the 
bean in the discharge manifold G. In some districts, notably 
Oklahoma City, “kick-off,” or starting the plunger lift, is ac- 
complished by first introducing high-pressure gas into the tubing 
and unloading as much of the fluid as possible through the casing 
space after which the gas connections are reversed to put the gas 
into the casing and discharge the balance of the fluid through the 
tubing. This arrangement enables “kick-off” to be accomplished 
with a lower maximum pressure since the area of the annular 
space between the tubing and casing is in the average case several 
times as great as the area of the tubing cross section. Conse- 
quently, as the fluid level in the tubing is depressed by the in- 
creased gas pressure, only a small rise in level in the casing space 
occurs, whereas if gas is introduced into the casing, the level in the 
tubing will rise five or ten times as high as the level in the casing 
is depressed, resulting in a much higher initial pressure before a 
point is reached where gas can break under the footpiece. This 
arrangement is probably the most simple and satisfactory where 
high-pressure gas is available either from compressor stations or 
from other wells. Once the accumulated fluid has been dis- 
charged, plunger operation is started as described previously. 

As soon as the well has settled down to uniform operation, a 
check should be made of the average rising and falling velocities 
of the plunger since these quantities are an indication of whether 
or not the proper ammount of input gas is being supplied. Ex- 
perience indicates that the average falling velocity should be 
from two to three times the rising velocity. If the falling velocity 
is less than the rising velocity, the input gas supply should be de- 
creased, or in the case of a unit running on well gas, some gas 
should be drawn off from the casing and by-passed around the 
plunger lift into the separator. This is necessary since the use of 
excess gas results in undue friction losses and increased operating 
pressure with a consequent loss of production in wells which are 
sensitive to back pressure. On the other hand, if input gas is 
insufficient, rising velocity will be too slow and gas will by-pass 
the plunger, thus causing the valve to drop open. The plunger 
will then return to the bottom of the tube without completing the 
discharge stroke and the well will again head up. This sounds 
somewhat complicated, but on the contrary does not require any 
particular skill. The principal point to bear in mind is that suf- 
ficient time should elapse after a change in adjustment is made to 
allow the equipment to steady down and equilibrium to be 
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reached. If changes in the adjustment are made every few 
minutes the true effect is never observed because of the lag in 
performance. 

The plunger lift is well adapted to handle sand in considerable 
quantity, not only because the initial fits are so loose that wear 
due to the presence of abrasive has no perceptible effect on per- 
formance, but also because the entire content of the tubing is 
discharged each stroke. Hence there is no place in the equipment 
where sand can settle out and plug the tube. As the charge of 


Fic. 3 PerroRMANCE CHART OF PLUNGER LirT INSTALLED ON A 
WELL oF INTERMEDIATE SIzE 


(Size of tubing = 2.5 in. Depth of well = 3975 ft. Depth of footpiece 


= 3959 ft. Production = 130 bbl per day. Input gas-fluid ratio = 0. 
Total gas-fluid ratio = 870 cuft per bbl. Strokes per day = 146. Maxi- 
mum casing pressure = 75 lb per sq in. Minimum casing pressure = 15 


Maximum tubing pressure = 55 lb per sq in. Minimum 


lb per sq in. 
tubing pressure = 2 lb per sq in.) 
fluid containing sand is raised from the bottom it is stirred 
violently by turbulence due to its passage up the tubing. This 
keeps the sand in suspension during the rising stroke. The small 
amount of fluid which fills the hollow shell of the plunger is not 
subjected to this stirring action. Hence, it is desirable, where 
unusually bad sand conditions are present, to file three or four 
nicks across the valve seat, thereby allowing a constant leakage 
of gas during the rising stroke to stir the fluid within the sleeve 
so that this sand likewise will be kept in suspension. When the 
load is discharged at the top, the blast of exhaust gas following the 
fluid effectively blows the equipment clean of sand and the opera- 
tion is repeated. Where the pumping level is some distance 
above the bottom, the well itself offers a pocket in which sand 
can collect. This occurs because the velocity of flow in the casing 
is much less than that in the tubing, and sand can therefore settle 
out more readily. In cases where the footpiece is a considerable 
distance above the bottom of the hole, it has been found desizable 
to install a string of common tubing, of such length as to extend 
from the footpiece nearly to the bottom of the well. The tub- 
ing, which has a strainer at each end, is called a “drop pipe” 
and has the effect of increasing flow velocity to a point sufficient 
to float the sand into the plunger-lift tubing where it can be picked 
up by the plunger and discharged from the hole. A small hole is 
provided in the collar immediately under the cushion seat to allow 
gas to pass from the casing space into the tubing without going 
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down to the bottom of the drop pipe, which otherwise would 
unduly increase the casing pressure. 

Paraffin at first presented considerable difficulty since the 
plunger-lift cycle offers the maximum opportunity for paraffin 
to collect. This collection of paraffin takes place because the 
tubing wall is intermittently flooded with fluid and then cooled 
by the expansion of the discharging gas. Continuous operation 
was secured on one unit by preheating the input gas, the minimum 
and maximum effective temperatures being 120 F and 480 F, 
respectively. While this arrangement secured satisfactory 
plunger-lift performance, it was felt that the use of gas preheaters 
with the attendant danger of fire was rather undesirable. There- 
fore, determined efforts were made to develop a plunger which 
would scrape the paraffin from the wall and keep the bore of the 
tubing open. Over thirty designs were built and tested before 
the satisfactory plunger shown in Fig. 2 was developed. This 
plunger has proved to be a reasonably successful solution to this 
problem. Where excessive amounts of paraffin are deposited, 
small flakes are scraped off by the sharp-edged rings on the plunger 
body and find their way through the holes drilled in the upper 
end of the body and are discharged with the fluid load. In 
cases where the paraffin is rather soft and sticky, small slugs about 
the size of a peanut are pushed through the holes into the plunger 
body and are discharged with the fluid. In paraffin territories, 
it is not unusual for the lift to stop about two days after it is first, 
started. When this occurs, the tear-drop fishing tool 7 shown in 
Fig. 1 is dropped in the tubing to close the bore of the plunger. 
Gas is then introduced into the tubing and the plunger is forced 
to bottom. When the plunger is heard to strike the cushion seat, 
the gas flow is reversed and the plunger is driven back to the sur- 
face. It is then removed and cleaned of paraffin, usually by 
warming with either a gas flame or preferably a steam jet. A 
second stoppage usually occurs about the fifth day of operation 
and is corrected in the same way, after which time the stoppages 
then become rather infrequent provided there is no failure in 
input gas. 

The chart shown in Fig. 3 illustrates the performance of the 
plunger lift on a well of intermediate size and gives some indi- 
cation of the surprising regularity of the operation of the plunger 
lift. Considering the fact that well characteristics govern the 
operation of this device, and that we have to deal not with the 
steady state but an intermittent process consisting of a series of 
transients, it is, to say the least, surprising that the strokes are 
so uniform not only in regard to time spacing but in respect to 
the amount of fluid lifted, which in turn is reflected in maximum 
tubing pressure. 

A series of these charts provides a connected and valuable 
picture of changes in well characteristics. In addition, test data 
should be taken periodically and recorded systematically as a 
further aid to the interpretation of chart records. A form that 
has proved quite useful for this purpose has been developed. 


THEORY OF THE PLUNGER LiFT 


Unfortunately the complete mathematical theory of this ap- 
parently simple device has not been solved, the difficulty being 
that we are dealing with transients in hydraulics and pneumatics 
where even the steady state is sufficiently involved and where 
effects are not simply related to cause. Moreover, the practical 
problem does not merely involve the performance of the plunger 
lift under certain assigned conditions but rather the result of 
combining plunger-lift characteristics with well characteristics 
since it is the fluid furnished by the well which controls the opera- 
tion of the lift. As an illustration, Fig. 4 shows the general shape 
of a curve giving plunger-lift capacity in terms of barrels per day 
versus operating (net-casing) pressure, and to the same scale an 
assumed well characteristic curve in terms of barrels per day 
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versus bottom hole pressure. Note that where the tubing is 
set close to bottom, the casing pressure as read at the surface 
together with a correction for the weight of gas in the casing is a 
direct measure of bottom hole pressure. Therefore, in wells 
which are reasonably sensitive to surface back pressure, a study of 
well characteristics can be made readily with this equipment 
at very little increased expense, and with a considerable certainty 
that equilibrium conditions have been established. It is apparent 
from a consideration of Fig. 4 that performance of a plunger-lift 
unit in such a well as predicted will be as indicated by the inter- 
section of the two curves, since at that point the corrected casing 
pressure at which the unit operates is equal to the bottom hole 
pressure at which the well will produce the quantity of fluid which 
the unit is capable of handling at that pressure. While this is 
more or less interesting from an analytical point of view, it is at 
present of no particular practical value since the production 
characteristics of the well are not accurately known in advance 
and neither are quantitative characteristic curves for lift per- 
formance available. 

The curves shown in Figs. 5 and 6 are somewhat more useful 
inasmuch as they indicate general characteristics of the lift to 
some extent, although the actual numerical values will be found 
to vary considerably from well to well. Fig. 5 shows the amount 
of gas required to fill a string of tubing of the lengths indicated 
to a pressure sufficient to support the weight of various amounts 
of fluid picked up each stroke. The ordinates are computed in 
terms of cubic feet of free gas per barrel of fluid and the abscissas 
in terms of feet of fluid picked up per stroke. The curves would 
apply to only one particular size of tubing although their general 
shape would remain the same for all sizes. No account is taken 
in these curves of the gas discharged from the casing to the tubing 
while the plunger is falling, which in the actual case makes the 
total gas-oil ratio figures higher than indicated in Fig. 5. Note 
that as the pickup becomes very small, the gas-oil ratio in- 
creases with great rapidity due to the fact that at zero pickup 
the entire string of tubing must still be filled with gas at a gage 
pressure corresponding to the weight of the plunger. This fact 
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is at first somewhat disconcerting until it is noted that in the 
general case it is the power that is required to raise the fluid that 
is of importance, the gas being used merely to permit the compres- 
sor piston to push on the plunger, and to cause the plunger to be 
recycled again and again. Further reference will be made to this 
situation later in the paper. Note also from the shape of the 
curves in Fig. 5 that the equipment is inherently stable, that is, 
suppose in a particular installation a unit is operating at 3000 
ft and picking up 100 ft of fluid per stroke, the curve indicates 750 
cu ft of gas per bbl is required. If gas is increased to 1000 cu ft 
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per bbl, the pickup will decrease to 40 ft. In other words, the 
pickup will automatically adjust itself to use the gas supplied, 
providing sufficient gas is available to raise the plunger at a rate 
high enough to prevent leakage. 

Fig. 6 illustrates the variation of lift capacity with operating 
pressure. Here again the figures are based on equipment of a 
certain size set at a given depth, and are offered merely to show 


the general shape of the curve since the actual values vary widely 
in practice. Attention is called to the fact that the abscissas 
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are plotted in terms of barrels per stroke pickup whereas the 
parameter of this family of curves is operating pressure. The 
variable not shown on the diagram is gas-oil ratio, and the line of 
thought suggested by the graph is somewhat as follows: For each 
lifting pressure there is a certain maximum production rate ob- 
tainable. If more strokes per day are made, rising velocities 
must necessarily increase and a greater proportion of the lifting 
pressure will go to overcome friction with the result that there 
will be a net decrease of production due to a disproportionate 
reduction in pickup in spite of the increased number of strokes. 
The pressure difference required to overcome friction varies 
approximately as the cube of the plunger velocity so that there 
is a more or less definite upper limit beyond which it is not prac- 
ticable to operate. If, on the other hand, larger loads were picked 
up to use as much as possible of the operating pressure in lifting 
deadweight and to reduce the friction losses to a minimum, there 
is again a decline in production due to the reduced number of 
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strokes per day which can be made. This is due partly to the 
increased time required for the rising stroke at the slower velocity 
and partly to the increased time required for the plunger to sink 
to the bottom of the tube through the larger accumulated load of 
fluid. The curves in Fig. 6 are also of only passing interest since 
for the present no definite figures can be given for capacity of any 
size lift. This is due partly to the lack of a complete mathe- 
matical theory and largely to variation in well characteristics. 
There are three possible methods of operation for the lift, 
each of which offers certain theoretical advantages. Two of these 
methods have not yet been tried out on a sufficient scale to permit 
a rational choice in any particular case. The most commonly 
used method of control is the so-called ‘‘choke”’ control. In this 
system a constant supply of input gas at a uniform pressure is 
introduced into the casing by means of the flow bean on the input 
manifold. The discharge-manifold bean is then set at a point 
determined by experiment, and the by-pass valve M shown in 
Fig. 1 is closed, thereby forcing all fluid and gas discharged from 
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Fie. 7 PressuRE-VOLUME RELATIONSHIP OF GAS IN THE TUBING. 
“CurvgE C Givis THE EFFICIENCY OF THE PLUNGER CYCLE 


the unit to pass through the discharge bean. The setting of this 
bean is determined by the requirement that the discharge of gas 
following the fluid must be held down to a value which will per- 
mit the plunger to fall back to the bottom of the tube. In some 
installations, and particularly with the smaller sizes of tubing, 
it is impossible to operate without this choking because the plunger 
will otherwise discharge its load of fluid, start back to bottom, 
fall some distance before the fluid is discharged from the end of 
the flow line, and then, supported by gas friction caused by the 
sudden rush of gas resulting when the flow line is emptied of 
fluid, it will be blown at very high velocity back to the surface 
with the valve open. When it reaches the surface it will be 
thrown with considerable force against the bumper at the top of 
the stack, and if it is not forced completely through the rubber it 
will stick in the rubber, in either case preventing further opera- 
tion. Note that while the setting of this choke is controlled by 
gas-flow requirements, it also operates to choke the slug of fluid 
discharged with a consequent reduction in the number of possible 
strokes per day. 

To avoid this effect, a cycle was devised whereby an automatic 
valve installed in the discharge manifold would remain wide 
open until the fluid passed. The valve would then close and hold 
the gas in the tubing until the plunger had practically reached the 
bottom of the tube, after which it would open wide again and 
release the gas rapidly. Strange as it may seem, this form of 
operation results in a lower casing pressure and increased produc- 
tion in spite of the fact that the tubing is “closed in” a considerable 
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part of the time. This result is obtained because the plunger falls: 
to the bottom much more rapidly through still gas and because, 
for a given load and with a given casing pressure, it will rise 
more rapidly. The rapid rise of the plunger is due to the elimina- 
tion of a certain amount of back pressure in the gas above the 
load, this partial elimination of back pressure being effected by 
the method of choke control employed. Since the plunger rises 
more rapidly in this case, more strokes per day can be made- 
with a higher average velocity at a lower operating pressure. 
More or less difficulty has been experienced with various types of 
valves built to carry out this eycle because of the presence of sand 
in the fluids handled. The sand interferes in time with proper 
valve action and numerous attempts have been made to accom- 
plish the same results without the use of moving parts. One 
in particular, which seems to offer some promise, consists of a 
large tank set relatively close to the flow head and arranged so 
that the entire charge from each stroke can be dumped into that 
tank without restriction and that both fluid and gas can be drawn 
off from the bottom of the tank through a regulating valve. The 
choking affect on the fluid passing the valve prolongs the time of 
discharge and prevents the escape of gas for a considerable period, 
during which period the plunger is falling to the bottom of the 
tube. Some fairly satisfactory results are being secured with this 
equipment, but here again sufficient trials have not yet been made 
to say definitely how much improvement can be expected. 
There is some indication that an increase of production can be 
secured at a reduced operating pressure. 

There is a third possible method of operating the lift, which 
at first sight seems to be the most logical. In this method the 
plunger, after it has discharged its load of fluid at the surface, is 
retained long enough for the violent gas blast to die down. As 
soon as the gas blast dies down, the plunger is released. It 
would seem that this form of operation would certainly result in 
the lowest average operating pressure, but preliminary results to 
date have not indicated that this is the case although work is: 
still being conducted along these lines. 

Of more immediate interest is the general cycle on which a 
complete installation consisting of wells, gathering lines, com- 
pressor station and feeder lines are operated. Consideration of 
the physics of the apparatus will immediately suggest that, for the 
most efficient performance, a weightless incompressible fluid is 
required to push the plunger to the surface. Jacking such a 
medium, the next best solution is to compress a gas up to the 
pressure required to raise the load, lifting the load at substantially 
constant pressure and then allowing the gas to expand down to 
the back pressure so that the operation may be repeated. It is 
apparent that when a small load is picked up in a deep hole, no 
appreciable use is made of the expansive power of the gas and 
that consequently the work of compression is wasted. While at 
first sight this is quite disappointing, it must be remembered. 
that the question of mechanical efficiency is of interest primarily 
in so far as it affects investment and operating costs, and that the 
factor of prime importance is the overall lifting cost. It was for 
this reason that development work was continued in the face of 
this apparently unfavorable cycle efficiency. There were indi- 
cations that the savings to be effected from reduced maintenance: 
and down time, would far outweigh a moderate increase in: 
power expense, if any. 1 

The overall cycle is most readily examined if charted in the 
same manner as the air card for reciprocating engines. Fig. 7 
illustrates such a chart working between atmospheric pressure: 
and 50 Ib per sq in. gage with no allowance made for line leakage: 
or friction losses. Starting with a volume of gas Vo at atmospheric: 
pressure we compress it up to the operating pressure along curve 
A where the final volume is V;._ That gas is then delivered into 
the well casing and, as it cools down, it shrinks to the volume V». 
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indicated on curve B. As the gas is introduced it displaces the 
plunger with its load at constant pressure and does useful work 
as indicated by the cross-hatched area in Fig. 7. When the 
plunger reaches the surface, the gas is exhausted at constant 
volume, returned to the compressor station and the cycle is 
repeated. Referring to Fig. 7 the total work done is obviously 
represented by the area under the curve VoABPP», while the 
useful work is the area BPPoV2. The ratio of these areas is 
obviously the cycle efficiency which measures mechanically 
perfect performance, and which can be approached but not at- 
tained in practice. The curve for cycle efficiency, also shown in 
Fig. 7, has been computed on the basis just described and indi- 
cates a maximum cycle efficiency of 44 per cent when operating 
from atmospheric pressure to 50 Ib per sq in. gage. Itis at once 
apparent that cycle efficiency is a function of compression ratio, 
and hence it is desirable to design field installations to keep the 
ratio of compression as low as possible, not only because of the 
saving in power but also because of the reduced capital cost of 
compressor plants. In other words, the plunger and its load 
are lifted by a given difference of pressure, whereas the energy 
supply required is a function of the ratio of the absolute pressures 
involved. In the practical case this means that the system must 
be designed to operate with as high a minimum tubing pressure 
(which corresponds to compressor suction pressure) as satis- 
factory production performance will permit since increase of the 
suction pressure for a given discharge pressure results in a very 
rapid decrease in compression ratio. This decrease is consider- 
able even where the discharge pressure is raised by the same 
amount that suction pressure is increased. 

Proration has introduced a further problem into the operation 
of plunger lifts in districts where relatively high formation pres- 
sures and tight sands exist, since the operation is necessarily 
discontinuous, that is, the well must be shut down each day as 
soon as it has produced its allowable quantity of oil. This in- 
volves “kicking off” the well every day, which, in the absence of 
high-pressure gas, is often a lengthy and expensive process. To 
meet this condition, a variation in the plunger-lift cycle was 
devised which after six-months’ operation has proved to be very 
satisfactory. The tubing was set in these wells at a point suf- 
ficiently below the fluid level where the casing contained enough 
oil down to the bottom of the tubing to exceed the daily allow- 
able production. Starting 250 ft from the bottom of the tubing, 
a 1/<in. hole was drilled through six tubing collars spaced 250 
ft apart. The well was then allowed to fill up with oil. The 
following day gas at about 175 lb per sq in. was turned on the 
casing and the well started gas lifting with the plunger on bottom. 
The flow of fluid floated the plunger off bottom and carried it up 
past the first perforated collar which was taking gas. From that 
point a true plunger stroke followed, bringing up a rather large 
amount of oil with a pressure under the plunger of over 100 lb 
per sq in. A sharp drop in tubing pressure resulting from the 
exhaust of this gas caused the tubing to again fill rapidly with oil. 
Because of this filling the gas lift through the perforated collars 
could operate efficiently, thus avoiding any thinning out of the 
oil column to a point where large amounts of gas could by-pass 
the oil. Under these conditions, the allowable oil production 
was delivered in less than two hours. The well was then shut 
down until the following day when the operation was repeated. 
Two advantages.are secured by using the plunger in such wells: 
the first is that the tubing is kept open, even in the presence of 
paraffin, and second, the tubing is relatively full of fluid thereby 
securing efficient gas-lift operation. 

Furthermore, the high formation pressure is allowed to raise 
the oil a good part of the distance toward the surface, thereby 
reducing the external work required to deliver it to the tanks 
on the surface. 
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Frevp [LystTaLLATIoNs 

The first plunger-lift unit was installed in a water well during 
1927 for the purpose of obtaining technical data which could be 
used to predict performance and to act as a guide regulating future 
installations in oil wells. The principle of operation was identical 
with that of the present unit shown in Fig. 1, although there were 
some minor mechanical differences. While this work was under 
way the thought was advanced by a number of production people 
that the pressure carried on the casing of the well to operate the 
lift would inevitably result in forcing fluid away from the well 
to the advantage of offset leases using conventional lifting equip- 
ment. To meet this difficulty a unit was developed using double- 
tube pipe. The gas was introduced between the two strings of 
tubing and the casing head was left open to atmosphere. 

The first double-tube unit was tested in southern Texas during 
May, June, and July, 1929, in a well producing about 600 bbl of 
salt water and 15 bbl of oil per day. The operation of this unit 
varied somewhat from that of the single-tube unit in that air was 
alternately turned on and turned off each stroke by an automatic 
valve at the surface. This valve was controlled by variations in 
gas pressure caused by changes in the fluid level in the well. 
There was no available gas supply in this field and therefore it 
was necessary to use compressed air. The only information of 
any practical value secured from this test was to the effect that 
the use of compressed air in wells delivering a large amount of 
salt water had a very detrimental affect on the tubing and other 
steel members in the well. Inasmuch as it seemed probable that 
these difficulties would be avoided by the use of gas, it was de- 
cided to move the equipment to northern Texas, where gas was 
available. This was done in preference to making an attempt 
to develop a source of gas supply at the original location. 

The second field installation was also a double-tube unit. It 
was installed in the Texas Panhandle in May, 1930, and was 
operated through September 4, 1930. It was necessary to pre- 
heat the gas in this installation to avoid paraffin stoppages and, 
when running with warm gas, the unit performed in a very 
consistent manner. However, it was concluded finally that the 
great weight and expense of the double-tube string and the at- 
tendant difficulties of installation justified a thorough field trial 
of the single-string equipment to determine just how detrimental 
the pressure on the casing would be. 

The third field installation of the plunger lift was made ac- 
cordingly in western Texas in a well that for some time had been 
producing oil at the rate of 180 bbl per day with a gas-oil ratio 
of 2140 cu ft per bbl by means of a rod pump. A 8-in. single-tube 
plunger lift following the beam of the rod pump produced 218 
bbl per day with a gas-oil ratio of 1390 cu ft per bbl, and a casing 
pressure of 60 Ib per sq in. It was not necessary to introduce 
gas at the casing head since the gas supplied by the well was 
ample to operate the lift. A great deal of trouble was experienced, 
however, with paraffin stoppages which were later corrected by a 
change in plunger design. This plunger, however, proved un- 
successful in other districts and was later discarded in favor of 
the design shown in Fig. 2. Since the lift produced more fluid 
than could be secured with the rod pump previously employed, 
it was felt that a further investigation should be made of the 
characteristics of the single-tube unit. Hence, a second instal- 
lation was made in western Texas. This unit operated in a very 
satisfactory manner, producing nearly 50 per cent more fluid 
than had been secured previously by gas lifting with perforated 
collars. The lifting cost was somewhat less than 1 cent per barrel. 

It was then decided that an attempt should be made to secure 
a group installation, preferably covering an entire lease so that 
lease figures would represent the average lifting cost with this 
equipment. Such a lease was secured finally on the basis that 
there should first be run a competitive test against standard rig 
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equipment in an old well to be selected by the company in ques- 
tion. This test was made in central Louisiana. The plunger 
lift produced approximately twice as much oil as could be raised 
with rod pumps in this particular well, this being the case in 
spite of the fact that the well produced 96 per cent water and had 
been operated by a rod pump about 11 yr. This test was con- 
tinued for several months and as results were uniformly favorable 
to the plunger lift, the first unit of the group installation on a 
lease in southwestern Texas was made in March, 1932. A total 
of 16 units were eventually installed. Performance of these units 
during the past four years has amply demonstrated the magni- 
tude of the saving to be made through reduced maintenance ex- 
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pense by the use of this equipment. 
The direct lifting cost has averaged 
about one fourth that on offset leases 
using rod pumps. 

During this period a number of 
other installations were made in various 
fields in Texas for the purpose of se- 
curing a greater spread of experience 
in wells of various types. As indicated 
previously the paraffin-scraping plun- 
gers, which were successful in western 
Texas, proved to be of no benefit in 
eastern Texas, and after a long develop- 
ment period, a design was finally pro- 
duced which would handle the rather 
severe paraffin conditions encountered 
in that field. A group installation of 18 
wells was then started. In the mean- 
time 20 units, the majority of them 
using 4-in. tubing were shipped to 
Venezuela and installed and started 
by the customer without any serious ° 
difficulty. 

Up to the present time approxi- 
mately 250 units have been installed 
both in the United States and abroad, 
with quite satisfactory results. 
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Figs. 8 and 9 are typical views of plunger-lift installations. 


ABANDONMENT 


Selection of pumping equipment for a given property involves 
the consideration of a complicated set of factors. Low lifting 
cost consistent with maximum ultimate recovery is the principal 
objective, which may, however, be qualified where competitive 
offsetting exists to require also a maximum production rate. 
This latter factor explains the frequency with which the following 
question is asked about any new pumping equipment: “Will it 
get all the oil?” 

Maximum production rate is obviously to be secured in the 
average case by maintaining zero bottom hole pressure, which 
cannot be accomplished by any deep-well pumping equipment 
now available. The practical interpretation of this question is 
‘will the plunger lift produce as much fluid as can be handled 
with rod pumps at the same setting?” This question is raised 


TABLE 1 COMPARISON OF PLUNGER-LIFT AND ROD-PUMP 


OPERATION 
——Rod pump-——. 


Plunger lift 
‘asing 

Well Depthof Barrels Barrels Depthof pressure, Tube 
no. setting, ft per day per day setting, ft lb/sq in. size, in. 


1 6457 74 130 6463 70 4.0 
2 6506 140 200 6494 77 4.0 
3 3000 180 218 2970 60 3.0 
4 1524 152 265 1119 62 2.5 
5 1200 290 354 1176 240 2.5 
6 2975 60 120 2100 7508 2.5 
62 2975 60 189 2100 105 2.5 
7 3600 43 53 3585 37 2.5 
7 2350 0 37 2330 25 2.5 
8 6400 68 102 6462 126 2.5 
9 5460 360 400 4009 325 2.5 
10 5150 100 110 5164 216 2.5 
11 5106 96 139 5164 143 2.5 
12 4246 143 213 4275 112 3.0 
13 6436 164 147 6436 190 3.0 
14 6522 55 46 6473 65 2.5 
15 6364 92 61 6300 60 4.0 
16 4167 105 10 4171 5 3.0 


¢ The use of input gas increased the production of this well from 120 bbl 
per day to 189 bbl per day. 

6 Flowing with 120-lb tubing pressure against '/;-in. choke. Plunger made 
only one trip per day when well headed up. Plunger was operating on for- 
mation gas only. 
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naturally by the fact that the plunger lift operates with the casing 
head closed and under pressure, whereas rod pumps may operate 
with a vacuum on the casing. This question cannot be answered 
categorically in the absence of reliable data on the bottom 
hole pressures commonly maintained with rod pumps at various 
production rates, but can be determined by competitive tests 
of both types of equipment under corresponding conditions. 
Many such comparisons have been made with some rather sur- 


. prising results as indicated in Table 1. It is apparent from the 


values in Table 1 that the bottom hole pressure maintained 
by the plunger lift in the majority of the wells listed was lower 
than that maintained by the rod pumps and that this took place 
with a consequent increase in production rate, regardless of the 
extent to which our common sense rebels against this conclusion. 

While it is yet too early to draw any sweeping conclusions, the 
following analysis is offered as a probable explanation of the re- 
sults obtained in these experiments. Regardless of the initial 
underground condition at the time of discovery, it is fairly cer- 
tain that at some stage in the history of the development of a 
property all the fluids present will be saturated with gas due to 
progressive lowering of formation pressure as the field is produced. 
To move a given unit of fluid from the sand body into a well 
requires a bottom hole pressure in the well lower than the forma- 
tion pressure. As the fluid moves to the well some gas will be 
released from solution since at the lower pressure the fluids, 
initially saturated, become supersaturated. 

It is probable that the gas released at this stage can be trapped 
with a suitable gas anchor and will not result in any particular 
pumping problem. On the other hand, a pressure in the barrel 
lower than that in the bottom of the well is required to get the 
fluid into the pump barrel, with the result that an additional 
volume of gas is released in the barrel. During the suction stroke 
of the pump the barrel is only partly filled with fluid and the 
volumetric efficiency is sharply decreased. Increasing the dis- 
placement of the pump by speeding up or lengthening the stroke 
increases the pressure drop through the standing valve and re- 
leases more gas with little or no increase of fluid handled. It is 
thought that it is this factor which enables the plunger lift to 
give a better performance than the rod pumps in so many cases, 
since there is obviously no tendency for the lift to become “oas 
locked.”’ 

In connection with this line of reasoning, consider the relative 
performance of the rod pump and lift in well No. 4 listed in Table 
1. The rod of the pump was set at 1524 ft and produced 152 
bbl of fluid per day of which 96 per cent was salt water. The 
rod pump “pumped off,” that is pounded fluid. The plunger 
lift was set 400 ft higher in the hole and picked up 200 ft of fluid 
per stroke giving a production almost twice that of the rod pump. 
It follows that the pumping level during rod-pump production 
was in excess of 600 ft above the pump barrel and yet the rods 
apparently pounded fluid. The only reasonable explanation 
which suggests itself is that gas lock occurs in spite of the fact 
that the fluid is 96 per cent salt water. In well No. 7 the plunger 
lift was set at the bottom and produced 25 per cent more than the 
rod pump. At the 2300-ft level, the rod pump produced nothing 
while the plunger lift produced 35 bbl per day. Here the fluid was 
70 per cent salt water. 

On the other hand, take the last comparison in Table 1 where 
the rod pump outperformed the lift ten for one. Formation 
pressure had declined to the extremely low figure of 8 lb per sq in., 
so that only a small amount of gas was in solution. The well had 
no screen and a large cavity existed in the sand at the bottom of 
the hole. This cavity offered an enormous surface for drainage 
into the well so that large amounts of fluid would enter under very 
small pressure differentials. At the same time this cavity pro- 
vided a most effective gas trap to insure the delivery of “dead” 
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fluid to the rod pump. Inasmuch as the plunger lift was limited 
to a casing pressure below formation pressure, it could produce 
only a small proportion of the fluid handled by rod pump. Had 
it been practical to use a plunger about 10 in. in diameter in this 
well, the plunger lift could have produced at a rate comparable 
with the rod pump, but obviously that was not feasible. It is 
possible, however, to devise a lift footpiece for use in conjunc- 
tion with the plunger lift that will permit the handling of fair 
quantities of fluid in wells where the pressure is abnormally low. 
Such a device is now undergoing field development, with some 
encouraging results. 

To summarize, where sands are relatively tight, requiring high- 
pressure gradients for relatively small production, it is obvious 
that the plunger lift will perform throughout the life of the well 
at available maximum well capacity. For instance, a well pro- 
ducing under 30 bbl per day with a lifting pressure of 20 lb per 
sq in. and a formation pressure of 1200 lb per sq in. cannot pro- 
duce a measurably greater amount regardless of the method of 
pumping. Under such conditions the plunger lift will carry the 
property down to a lower end point than will a rod pump, since 
the lower lifting cost will permit profitable operation at production 
rates below the point where production costs with rod pumps equal 
the selling price of the oil. 

Where sands are relatively porous, the plunger lift may still, 
on the average, give a better performance than the rod pump 
because of gas locking in the working barrel. Here also the 
plunger lift will show a lower lifting cost and consequently larger 
margin of profit than the rod pump. 

It is probably true that any changes that take place in the sand 
during the pumping life of the well will be in the direction of de- 
creased permeability (aside from artificial operations as shooting 
or acidizing). It is also the fact that the plunger lift will make 
more strokes per day in a small well than in a large well at the 
same depth which, with proper gas regulation, results in a greater 
production per pound of casing pressure as the wells get smaller. 
From these two considerations, it follows that the performance 
of the plunger lift, in terms of per cent of fluid produced as com- 
pared with maximum theoretical possibility, should never be 
lower than that figure attained when the lift is first installed. 
It will only be lower compared with rod performance where pres- 
sures go down to extremely low figures, providing there are no 
gas-lock difficulties, and where special underground conditions 
permit large fluid production at small pressure differentials. 

It is apparent from the foregoing that the principal factor 
governing the relative performance of the plunger lift is the pro- 
ductivity factor of the well, as is the case with any type of pump. 

Where this factor is low, say 0.1 bbl per day per pound of dif- 
ferential pressure across the sand, the lift will handle all the oil 
the well is capable of producing. 

Where this factor is moderately large, say 1 bbl per day per 
pound of differential pressure, then the actual fluid produced with 
the lift may be less than the maximum theoretically possible by 
50 bbl per day, assuming a bottom hole producing pressure of 50 
lb per sq in. Attention is again called to the fact that. due to 
gas lock, a reciprocating pump may fail to produce the maximum 
quantity of fluid possible by an equal or considerably greater 
amount under these same conditions. 

Where the productivity factor is 100 bbl or more per day per 
pound of differential pressure across the sand, then each pound 
of bottom hole operating pressure represents a daily loss of 100 
bbl or more below the maximum theoretically possible. Here 
again the lift may compare favorably with rod-pump performance 
where formation pressures are 100 lb per sq in. or above. The 
performance of the plunger lift will be particularly favorable 
where 3-in., 4-in., or even larger tubing is used. 

When, however, formation pressures get below 50 lb per sq in. 
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in wells with these very high productivity factors, the simple 
plunger lift as heretofore described is definitely at a disadvan- 
tage when compared with displacement pumps. (These figures 
are given for illustration only). This is the case because depth 
of well, amount of gas released per barrel of fluid handled, size 
of plunger-lift equipment and many other factors determine the 
point at which comparable performance will be secured with these 
two methods of pumping. 

This is due to the fact that at low pressures there is a marked 
reduction in the quantity of solution gas to be handled, making 
it possible to secure a high volumetric efficiency with displace- 
ment pumps, while on the other hand the capacity of the plunger 
lift is limited sharply by the low pressure at which it must operate. 
In theory at least this is not a limitation since the plunger-lift 
capacity for a given operating pressure can be increased to any 
desired figure by increasing the bore of the tubing to 6 in., 
8 in., 10 in. or more. In practice, this solution is inadmissible 
because of the limiting size of well casing and because of the high 
first cost of large tubing. Note that low formation pressure, 
of itself, is no bar to satisfactory plunger-lift performance, as 
for instance one well equipped with the plunger lift produced 
9 bbl per day from 3800 ft with a casing pressure of less than 5 
lb per sq in. It is only when the low pressure is accompanied 
by high productivity, say 100 bbl or more per day that an ap- 
preciable loss is suffered. 

A number of factors are commonly encountered that in the 
majority of cases will prevent wells coming into this last-named 
category. When sands are naturally tight or where a fine screen 
must be set, no such high productivity factors are possible. 
Again, when sands are porous and the wells set “bare foot,” i.e., 
without the use of screen or slotted pipe, an appreciable water 
drive may hold formation pressure to a value considerably above 
that mentioned, and the plunger lift will still produce at a com- 
petitive rate. Repressuring will also have the effect of maintain- 
ing formation pressures at values sufficient for satisfactory 
plunger-lift operation even in porous sands, down to the point 
where the recoverable oil has been prodaced. Again proration, 
by conserving reservoir energy, may result in the majority of 
units operating on well gas to the point of abandonment. 

The possibility of the eventual development of a condition 
where the plunger lift would not produce as much as could be 
secured with rod pumps has, however, proved to be a rather serious 
obstacle to the introduction of this new pumping method, in 
spite of the admitted economies to be secured through reduced 
maintenance. Even though analysis of a prospective pumping 
property may indicate no reasonable chance of a situation develop- 
ing toward the end of the producing period, where low formation 
pressures might cause an undue reduction of production rate and 
therefore calling for additional capital investment on an already 
depleted property, the uncertainty of field behavior over long 
periods of time and the relatively slight field experience so far 
accumulated with the plunger lift tend to drive the operator 
to the conclusion that he, individually, can hardly justify the 
experimental risk involved, however enticing the comparison of 
costs might seem on the then present basis. 

For this reason it seemed desirable to attempt the develop- 
ment of accessory equipment which would permit the use of the 
plunger-lift method down to practically zero formation pressure 
even though the evidence to date indicates a rather restricted 
requirement for such equipment. This effort resulted in the 
development of the booster pump which will now be described. 


Tue Booster Pump 


Where, due to a low formation pressure and a large productivity 
factor, wells are capable of yielding much greater production than 
can be handled by a given size of plunger lift operating at the 
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necessarily low lifting pressure available, some modification must 
be made in the standard plunger-lift equipment to make lifting 
pressure independent of bottom hole pressure. In other words, 
the fluid must be taken from the bottom of the well and introduced 
into the plunger-lift equipment against a pressure greater than 
bottom hole pressure. If fluid only were to be handled, the 
problem would be comparatively simple since the energy re- 
quired to deliver 100 bbl per day from say 10 lb per sq in. to 100 
lb per sq in. is only about !/shp. A simple jet, even though com- 
paratively inefficient would be sufficient to handle the job. When 
in addition it is necessary to handle 1500 cu ft of formation gas 
per barrel, however, the problem becomes vastly more difficult 
because the space available in the bottom of the usual well is 
decidedly inadequate to provide for a gas compressor capable of 
handling 100 cfm through the pressure range suggested. The 
obvious solution is to provide a path whereby formation gas can 
escape to atmosphere or the gas pickup system, and to supply 
all the lifting gas independently. 

Several such units have been built and tried. These units 
consist briefly of a displacement chamber attached below the 
cushion seat of the plunger lift and supplied with gas through a 
macaroni string of 1*/;in. pipe laced to the plunger-lift tubing 
with metal straps. In addition this macaroni string of tubing is 
supported on hangers about every 500 ft. 

Gas is admitted to the displacement chamber intermittently, 
and is controlled by the level of fluid in the chamber. When the 
fluid has been displaced from the chamber into the plunger-lift 
tubing above, the input gas is cut off and the gas in the chamber 
exhausts into the casing space and escapes to the surface along 
with formation gas, allowing the chamber to fill again with fluid. 
All working parts of this equipment are assembled into a unit 
with the cushion seat of the plunger lift, and are so arranged that 
they can be run into or withdrawn from the well on a wire line, 
avoiding the necessity for handling pipe if repairs are required. 
About 12 to 14 hr are required to run the two strings of tubing 
simultaneously to 6500 ft. The chamber mechanism can be 
fished and replaced in about 3 hr at the same depth. 

The chamber cycle is largely independent of the plunger cycle; 
for instance, in one installation the chamber made 30 cycles per 
hr handling nearly 1/; bbl per cycle while the plunger made four 
trips per hour, raising nearly 2!/, bbl per trip with an input pres- 
sure on the macaroni tubing of about 250 lb per sq in. Gas-oil 
ratios have run from a low of 1200 cu ft per bbl for a lift of 6500 
ft to an average of about 2400 cu ft per bbl. 

While further work is necessary to simplify the construction 
and to determine the best valve settings, results to date indicate 
that the combination of this device with the simple plunger lift 
will result in a thoroughly practical lifting equipment, capable of 
producing the capacity of the well, independent of formation 
pressure. 

Attention is drawn to the fact that no lifting is accomplished 
by available formation gas when the booster chamber is used. 
Therefore it is more economical to use the straight lift where 
formation pressures are sufficiently high. 


ConcLusIons 

That the plunger-lift method of pumping deep wells is adapted 
to supplement gas lift has been amply demonstrated. 

The low maintenance figures expected from consideration of the 
simple character of the mechanism and the elimination of high 
working stresses have been attained under working conditions. 

The durability of the equipment is such that it would be hard 
to set a reasonable figure for depreciation based on wear and tear. 

In view of the increasing depths to which wells are now drilled, 
the comparative advantages of the plunger-lift method, should 
become increasingly apparent from year to year. 
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The Influence of Cutting Fluids on Tool Lite 


in Turning Steel 


By O. W. BOSTON,? W. W. GILBERT,? anp C. E. KRAUS,‘ ANN ARBOR, MICH. 


Several reports, listed in this paper as a selected bibliog- 
raphy, already have been presented by the Subcommittee 
on Cutting Fluids. The first report deals, in general with 
the characteristics of cutting fluids (1);° the second paper 
presents the results of an industrial questionnaire regard- 
ing the use of cutting fluids (2); and the balance of the 
reports (3, 4, 5) present experimental data dealing with 
the performance of cutting fluids when drilling and saw- 
ing various steels, cast iron, malleable cast iron, brass, 
and aluminum. The Committee now proposes a series 
of experiments by which further data may be obtained as 
to the use and properties of cutting fluids. It is hoped 
that eventually these data may be correlated to indicate 
the principles underlying the commercial use of cutting 
fluids. 

The object of this paper is to present the results of a 
series of tests in which various cutting fluids were used 
in turning steel. It is shown that the exponent, as well 
as the constant, in the formula VI" = C may change as 
the cutting fluids are changed, other conditions remaining 
constant. 


mathematical equation V7” = C, where V = cutting speed 

infpm; 7 = tool life undercut up to the time of tool break- 
down, min; n = exponent of 7 = the tangent of the angle of 
slope of the curve when plotted on log-log paper; and C =a con- 
stant depending upon the various conditions, such as material 
cut, tool shape and material, size of cut, and cutting fluid. 


r NHE cutting-speed tool-life relationship conforms to the 


EquipMENT AND Meruops Usep In Curtina-SPpEED Too.-LirE 
TEsTS 


In running these various cutting-speed tool-life tests, two set- 
ups were used. One consisted of a heavy-duty lathe having a 
30-in. swing and 14-ft bed with a 12-speed geared head, as shown 
in Fig. 1. The second setup consisted of a 14-in. swing, 6-ft 
bed having a 16-speed geared-head drive. The larger lathe was 
driven by a constant-speed motor operating through a variable- 
speed transmission which, in turn, drove the driving pulley of 
the geared head so as to provide any slight change desired in 
cutting speed. The smaller lathe was operated by a direct-cur- 


1 Progress Report No. 6 of the Subcommittee on Cutting Fluids of 
the A.S.M.B. Special Research Committee on the Cutting of Metals. 

2 Professor, College of Engineering, University of Michigan. 
Mem. A.S.M.E. Professor Boston was graduated from the Univer- 
sity of Michigan, College of Engineering, in 1913, received a master’s 
degree in 1917, and the degree of mechanical engineer in 1926. He is 
now professor of metal processing and director of the department of 
metal processing at the University of Michigan. He is a member of 
the A.S.M.E. Special Research Committee on the Cutting of Metals, 
chairman of the Subcommittee on Cutting Fluids, and chairman of 
the A.S.M.B. Committee on Machinability of Steel, member of the 
Sectional Committee on Standardization of Small Tools and Ma- 
chine-Tool Elements, and chairman, Technical Committee on 
Nomenclature. 

3 Instructor in metal processing at the University of Michigan. 
Jun. A.S.M.E. He holds degree of B.S. in M.E. from University 
of Colorado, and of M.S. and D.Sc. from the University of Michi- 
gan. For four years he has worked with Professor Boston on metal- 
cutting and as coauthor of several papers on this subject. 


rent motor provided with a 66-point rheostat to furnish small 
speed increments for each of the 16 speeds of the geared head. 

In both lathes the tools were clamped into a special tool holder 
by set screws. The holder, in turn, was clamped to the carriage 
by straps in the usual manner. This holder is shown in Fig. 2. 

Both lathes were equipped with a cutting-fluid circulating 
system, and the cutting fluid was directed vertically downward 
on the face of the tool. In the Ryerson lathe, a full stream from 
a 3/,in. pipe flowed on the tool at the rate of 4.5 gal permin. In 
the Monarch lathe a full stream from a !/,-in. diameter pipe flowed 
on the face of the tool at the rate of 4.75 gal per min. 


Tue Toots Usep 


Cutting tools in the form of commercial 3/s-in. square tool bits 
of high-speed steel were used. These bits can be reground a 
number of times and still produce the same cutting performance. 
The tool bits were supported while being ground and during the 
tests in the holder shown in Fig. 2. The various angles and 
the parts are shown in the figure. A special machine has been 
developed for grinding the single-point tools with a cup-shaped 
wheel. All tools were carefully ground and reground dry. Burrs 
were removed by a light hand honing after grinding. The tools 
for a given test were grouped in sets of six or eight and were re- 
ground and used many times so as to reduce the variation of the 
too] material to a minimum. 

In grinding the nose radius, the tools first were ground to a 
sharp point after which the radius was ground by hand to conform 
with a radius gage. They were boned before the final checking. 
This method was found to give consistent results. 

A standard tool shape was used in all tests. This tool is desig- 
nated as 8-14-6-6-6-15-3/64R, the numbers indicating, in the 
order named, an 8-deg back rake, 14-deg side rake, 6-deg front 
clearance, 6-deg side clearance, 6-deg end cutting angle, 15-deg 
side cutting angle, and 3/64-in. nose radius. 

The tool holder and bit were clamped at right angles to the axis 
of the work so that the side cutting edge of the tool, having a 15- 
deg side cutting angle, produced a setting angle of 75 deg with 
the axis of the work. 

The tool life in minutes was measured by means of a stop watch 
and was the time from the start of the cut until tool failure, as 
indicated by the sudden breaking down of the cutting edge. The 


4 Instructor in metal processing at the University of Michigan. 
Mem. A.S.M.E. Mr. Kraus was graduated from the University 
of Michigan, College of Engineering, in 1932, and received his 
master of science degree in engineering in 1935. For a number 
of years he has worked with Professor Boston on various phases of 
metal cutting and is coauthor of several metal-cutting papers. 

5’ Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the A.S.M.E. Special Research Committee on the 
Cutting of Metals and presented at the Semi-Annual Meeting of 
Tum AmMprican Society oF Mucuantcan ENGINEERS, held in Cin- 
cinnati, Ohio, June 17 to 21, 1935. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until September 10, 1936, for publication at a later date. 
Discussion received after this date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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Fic. 2. Tooxi-Bir Hotprer Usep IN THE TuRNING TESTS 
cutting speed was measured by means of a cut meter operating 
on the surface of the test log just ahead of the tool. 


THe INFLUENCE oF Currine FLuIDs on Currinc-SPEED TOOL- 
Lire CurvEs 


A series of tests was run using a 6-in. diameter rolled and ma- 
chine-straightened S.A.E. 2345 steel in an annealed condition. 
The analysis of the steel in per cent was 0.49 C, 0.70 Mn, 0.025 
S, 0.015 P, 0.210 Si, 3.41 Ni, and 0.04 Cr. Its Brinell hardness 
averaged 197. These tests were run on the 14-in. Jathe previ- 
ously mentioned. 

From 10 to 15 points, representing the tool life for a given cut- 
ting speed, were obtained when cutting the steel with each of the 
cutting fluids listed, with their symbols, in Table 1. The equa- 
tions resulting from these tests are summarized in Table 2. 
Lines representing the data are shown drawn on log-log paper in 
Fig. 3, where the depth of cut was 0.050 in. and the feed per revo- 
lution of the work was 0.0255 in. Hach curve is labeled by a 
symbol indicating the cutting fluid used. Fig. 4 shows a corre- 
sponding set of curves where the depth of cut was 0.100 in. 
and the feed 0.0127 in. The area of cut in the two sets of ex- 
periments remained constant. The lines in Fig. 4 are all higher 


Tue 30-In. VARIABLE-SPEED LATHE USED IN THE First Trst Serup 


than those of Fig. 3, indicating that the shape of the cut for a 
constant area influences the cutting speed for a given tool life. 
The lines in Fig. 3 are inclined less from the horizontal and have 
smaller values of n than the corresponding lines in Fig. 4. Table 
2 shows that for the 0.0255 by 0.050-in. cut, the exponent averages 
1/9.6 for the first five cutting fluids consisting of the dry and all 
aqueous solutions, but for the 0.0127 by 0.100-in. cut the expo- 
nent averages 1/7.3 for the first five cutting fluids. 

In the first set of curves, the exponent 7 increases to 1/9.1 for 
the straight mineral oil M@ and to 1/7 for the sulphochlorinated 
mineral oil. These changes are indicated by the change in slope 
of the lines in Fig. 3. In Fig. 4 the exponent for mineral oil M is 
reduced to 1/7.8, and reduced still further to 1/8.4 for the mineral 


TABLE 1 CUTTING FLUIDS USED IN CUTTING FLUIDS TESTS 
Symbol Cutting fluid 
D Dry cutting 
Ww Water, distilled 
WB Water, distilled, plus 1!/2 per cent of borax by weight 
Emul. A Soluble oil A, 1 part to 16 parts water 


Emul. B Soluble oil B, 1 part to 16 parts water 
Emul. B; Soluble oil B, 1 part to 8 parts water 
Emul. C Soluble oil C, 1 part to 16 parts water 
Mineral oil, light, 110 see Saybolt at 100 F 
MO Mineral oil, light, plus 5 per cent oleic acid 
SM pepe mineral oil (4 per cent sulphur), 110 sec Saybolt 
at 100 
S Cl M Sulphochlorinated mineral oil 
TABLE 2 A SUMMARY OF TOOL-LIFE CUTTING-SPEED 


RELATION FOR VARIOUS CUTTING FLUIDS 


Cutting Feed, in. Depth of | Cutting-speed Cutting speed for 
fluid per rev. cut, in. tool-life equation 20 min 2 hr 
D 0.0255 0.050 VT1/9-6 = 126 92 78 
Ww 0.0255 0.050 VT1/9.6 = 161 118 99 
Emul. B 0.0255 0.050 VT1/9-6 = 157 115 96 
Emul. By 0.0255 0.050 VT1/9-6 = 161 118 99 
Emul. C 0.0255 0.050 VT1/9.6 = 160 117 98 
ve 0.0255 0.050 VT1/9.1 = 152 109.5 91 
S Cl M 0.0255 0.050 VT\47 = 163 105 82 
D 0.0127 0.100 VT1/7.3 = 168 113 91 
Ww 0.0127 0.100 VT'\s/i.3 = 219 145 115 
Emul. B 0.0127 0.100 VT'/7:3 = 208 138 110 
Emul. By 0.0127 0.100 VT'/7.3 = 211 140 112 
Emul. C 0.0127 0.100 VT1/7.3 = 207 137 109 
0.0127 0.100 VT'/7-8 = 192 130 105 
MO 0.0127 0.100 VT'/8.4 = 200 141 116 
S Cl M 0.0127 0.100 VT1/8-4 = 193 136 113 


These values are for the turning of an S.A.E. 2345 steel, using tools of ma- 
terial A, 18-4-1 high-speed steel, having the shape 8-14-6-6-6-15-3/64R. 
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(Cutting fluids used on annealed S.A.E. 2345 steel, turned with high-speed 18-4-1 tool steel A which was ground to the standard shape 8-14-6-6-6-15- 
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(Letters on curves refer to solutions listed in Table 3.) 
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: aan : ; = ; TABLE 3 A SUMMARY OF THE TOOL-LIFE CUTTING-SPEED 
oil containing oleic acid and for the sulphochlorinated oil. The RpPATION FOR VARIOUS CUTTING FLUIDS WITH AND WITH- 


oils for the thick shallow chip of Fig. 3 give the greatest slope of OUT GRAPHITE 
the curves, whereas for the thin deep chip of Fig. 4, they give the Oi dase alsa ira seers Cathine pneed - 
least slope. The least slope produces a more nearly horizontal D VT1/s.3 = 178 110 83 
on : ; Ae ; 
line which is very beneficial for long values of tool life at compara- ee A Voce Ee ioe ae 
i ing s A-V2-2 VT1/6.3 = 197 122 92 
tively low cutting speeds. ' oe ee bee Amd ye a2 
The tests show that the thick shallow cut materially reduces Emul. 4-11/2-A VT1/6.75= 192 123 95 
the slope of and lowers the cutting-speed tool-life curves for all oo es ae ee 2) ae 
1 i t iti 2 A-2- 7 T1711 = 19 129 100 
aqueous solutions, producing unfavorable results for fast cutting. Daal: A-2-0 ae = 196 129 100 
Oils are beneficial for the thin deep cut but detrimental for the Binal. B Vries = 192 119 90 
; Emul. B-2-0 VIIA = 192 126 98 
thick shallow cut. eG Sle are 
mul. C VT1/8-3 = 189 117 88 
Use of Colloidal Graphite in Cutting Fluids. A number of tests aa. C-2-0 Las = 488 7 — 
have been run on 8.A.E. 3140 steel in a normalized and annealed M-1/2-0 Vries = 186 117 89 
Fae eat ; “oi ete 7TA/81 = iG 102 
condition in the form of a 14in. diameter and 48-in. long forging no ee aoe aon ne 
having an average Brinell hardness of 190. Its chemical analysis M-2-0 v r ge 188 131 106 
in per cent was 0.42 C, 0.69 Mn, 0.021 8, 0.017 P, 0.17 Si, 1.41 Ni, S CLM VT1/69 = 195 126 97 
and 0.61 Cr. The 30-in. lathe shown in Fig. 1 was used in these These values are for the turning of an S.A.E. 3140 steel forging with 18-4-1 


‘ = ‘ & Ss high-speed steel B. The feed was 0.0125 in. per revolution, and the depth 
tests. Tool bits °/s in. square of 18-4-1 high-speed steel were used of one 0.100 inch. A 3/s-in. square section tool of the shape 8-14-6-6-6- 


of a brand different from that used in the previous experiments. 15-3/64R was used. 
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The tools were ground to the same standard shape, however. 
The size of all cuts was 0.0125 in. feed per revolution and 0.100 
in. deep. 

Preliminary tests were run with several commercial types of 
aqueous cutting fluids. The results are plotted in Fig. 5. In 
this figure there are also shown four curves representing the most 
satisfactory cutting fluids for four additional types tested under 
the the same conditions as the aqueous solutions. These are the 
collodial compounded emulsions A-2-0 and M-2-0 and the oils SMW 
and SCIM. The symbols refer to the cutting fluids as listed in 
Tables 1 and 3. All five of the aqueous cutting fluids produced 
parallel curves, giving the same exponent in the equation, as 
indicated in Table 3, but giving constants varying in order from 
the highest curve down to the lowest curve of 207, 198, 192, 189, 
and 178, respectively, showing borax water to be the best, dry 
cutting the poorest, and the three emulsions intermediate. It 
is of interest to note that the exponent of these five equations is 
1/6.3 as compared with 1/7.3 for the corresponding cutting fluids 
for the same size of cut in Table 2. The tool material and steel 
cut were different in the two tests. 

Emulsions A, B, and C of Fig. 5, consisting of three different 
commercial soluble oils, were reduced with 16 parts of distilled 
water. 

Influence of Colloidal Graphite in an Emulsion. The next 
series of tests involved the addition of various proportions of 
colloidal graphite in emulsion A. Colloidal graphite, being a 
nonreversible colloid, is not available in a dry state but is ob- 
tainable commercially in concentrated suspension in fluid carriers. 
When used with emulsions, as in these tests, it was suspended 
in water and obtained in the form of Aquadag, a trade-marked 
product furnished by the Acheson Colloids Corporation. Aqua- 
dag is a concentrated colloidal suspension of graphite in distilled 
water. The graphite content of this product is 22 per cent by 
weight, equivalent to 0.015 lb per liquid oz. Five types of emul- 
sion A were used containing colloidal graphite in pounds per 
gallon of emulsion as follows: 0, 0.0075, 0.015, 0.0225, and 0.03 
(equivalent to /; of 1 per cent by weight), respectively. These 
are represented by the cutting fluids in Table 3, indicated respec- 
tively as emulsions A, A-!/.-A, A-1-A, A-11/.-A, and A-2-A. 
The resulting equations are shown in Table 3. 

The exponents of the equations for emulsions A and A-1/)-A 
equal 1/6.3. The exponent is reduced to values of 1/6.5, 1/6.75, 
and 1/7.1, respectively, for the emulsions containing the greater 
quantities of graphite, indicating that the curves become slightly 
more horizontal as the graphite content is increased. 

The curves on log-log paper appear as straight lines which are 
not parallel but cross at a point equivalent to a tool life of 7 or 8 
min. The values of the constants of the equations are gradually 
reduced as the slope of the curve is reduced, showing that for the 
higher speeds, giving values of tool life below 7 or 8 min, those 
cutting fluids having the least amount of graphite are superior. 
However, for values of tool life above 7 or 8 min, those cutting 
fluids having the greatest amount of graphite become superior. 

The commercial use of colloidal graphite suspended in water 
as an addition to an emulsion is not recommended, because of 
certain objectionable features encountered. The finish produced 
seemed to be slightly inferior as the amount of graphite was 
increased. The cutting fluid was black and extremely dirty. 
Wherever it splashed and dried, black spots were left which were 
removed with difficulty. 

Influence of Colloidol Graphite in a Soluble Oil. In view of the 
difficulties encountered with the use of colloidal graphite sus- 
pended in water, a series of experiments was undertaken with 
colloidal graphite suspended in oil. This mixture was added to 
the soluble oil before being reduced with 16 parts of distilled 
water. The commercial soluble oils used apparently carried in 
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suspension a saturated content of mineral oils so that, when the 
oil containing the colloidal graphite was added to the soluble oil, 
a slight amount of mineral oil was separated. However, this 
did not prove to be a serious matter. For commercial use, pre- 
sumably, this could be overcome by putting the colloidal graphite 
into the soluble oil at the time of its manufacture. The result- 
ant emulsion appeared to be a grayish color, rather than black 
as when graphite in water was used. The particles of graphite 
appeared to be carried in the oil rather than in the water so that, 
when the machine and work were splashed with the emulsion 
made from the soluble oil carrying graphite, it did not dry on as 
when graphite in water was added to the emulsion. 

Colloidal graphite in oil was obtained as Oildag, a trade-marked 
product furnished by the Acheson Colloids Corporation. This 
concentrated suspension contained 10 per cent by weight of 
graphite. This graphite was added to the soluble oil in quantities 
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Fic. 6 Grapuic REPRESENTATION OF THE INFLUENCE OF VARIOUS 
AMOUNTS OF COLLOIDAL GRAPHITE SUSPENDED IN WATER ADDED TO 
16-ro-1 EmMuusion A 


in pounds per gallon of emulsion as follows: 0, 0.00625, 0.0125, 
(0.153 per cent by weight), and 0.025, respectively. The curves 
on log-log paper show the influence of graphite added to the 
soluble oil before being made into the emulsions on the cutting- 
speed tool-life curves. The straight emulsion produces the low- 
est and steepest curve. As graphite is added, the curve becomes 
more horizontal, pivoting about a point corresponding to a tool 
life between 1 and 2 min. The equations are summarized in 
Table 3 under cutting fluids designated as emulsions A, A-1-0, 
A-2-0, and A-4-0. 

The influence of graphite when added to the soluble oil is 
best shown by such graphs as a and b of Fig. 6 where the ex- 
ponents and constants of the equations are plotted on Cartesian 
coordinates against the ounces of Oildag per gallon of cutting 
fluid used. Fig. 6b shows that the constant gradually falls off 
from 198 to 191 as the amount of graphite is increased from zero 
to 0.03 lb per gal. The value of the exponent, however, is shown 
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to be reduced from 1/6.3 to 1/7.1. A further addition of graphite 
reduces the constant but little, but might reduce the exponent 
appreciably. 
The cutting speeds for three values of tool life of 1 hr, 4 hr, and 
‘16 hr, respectively, are shown in Fig. 6¢ for the emulsion with 
various proportions of graphite. The use of graphite in the emul- 
sion produces a favorable increase in cutting speed. Because of 
the disadvantages, however, as pointed out previously, the in- 
) creased speeds are probably not sufficient to Justify the commer- 
‘cial use of colloidal graphite in this manner. The change in tool 
life for cutting speeds of 70, 85, and 100 fpm is shown in Fig. 


6d for different amounts of colloidal graphite. 


The values of the constants and exponents of the cutting-speed 


_ tool-life curves obtained with emulsions containing various pro- 


portions of graphite suspended in oil are shown in Figs. 7a and 


7b. The constant is reduced slightly as the amount of graphite 
is increased. The exponents, however, are reduced considerably 
causing the curves to become more horizontal for an increase of 
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Fie. 7 GrapniclREPRESENTATION OF THE INFLUENCE OF VARIOUS 

Amounts OF CoLLoIDAL GRAPHITE SUSPENDED IN O1L ADDED TO 

THE SoLUBLE O1L Brrorr Berne Repucep WITH THE 16-PaRTS TO 
1 Parr Tro Maker Emutsion A 


graphite up to a quantity of 0.0125 Ib per gal of emulsion. The 
cutting speeds for each of three values of tool life of 1 hr, 4 hr, 
and 16 hr are shown as a function of the quantity of graphite used 
in the emulsion. For each of the tool-life values, there is an ap- 
preciable increase in cutting speed as the amount of graphite in 
the cutting fluid is increased up to 0.0125 lb per gal of emulsion 
This seems to be the minimum 
amount of graphite to give a maximum increase in cutting speed. 
For instance, on a 4-hr tool life, the cutting speed, as shown in 
Fig. 7c, is increased from about 83 fpm to 91 fpm as graphite up 
to 0.0125 Ib per gal is added. In Fig. 7d the tool life for cutting 
speeds of 70, 85, and 100 fpm are given for each of the graphite 
contents. Again, an appreciable increase in tool life is obtained 
for all values of cutting speed as the amount of graphite in the 
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emulsion is increased from 0 to 0.0125 lb per gal. For the-70-fpm 
speed, the tool life is increased approximately 100 per cent from 
about 710 min to 1500 min. 

When the grapbite is suspended in oil and added to the soluble 
oil before being reduced with water, as previously discussed, the 
finish on the work was found to be greatly improved. In fact, 
the finish was equal in smoothness to that obtained by any of 
the oils. This emulsion containing graphite did not have the 
objectionable features of the emulsion to which graphite in water 
was added, inasmuch as the machine and work were left quite 
clean. When the surface dried, no graphite spots remained, the 
graphite apparently being carried away suspended in the oil. 
The use of colloidal graphite in this manner appears to have com- 
mercial possibilities. 

The colloidal graphite in an oil carrier also was added to the 
two other types of soluble oils. The results of the experiments 
are given in Table 3 under emulsion B. This emulsion was made 
of 1 part type-B soluble oil, in the ratio of 1 part oil to 16 parts 
of distilled water. When containing no graphite, the resulting 
equation was VT1/6.3 = 192. For emulsion B-2-0, contain- 
ing 0.153 per cent of graphite by weight, the resulting equation 
was V7'V71 = 192. 

The reduction in the value of the exponent as the graphite is 
added shows that the curve becomes more horizontal. The con- 
stant, remaining the same, shows that the curve pivots about the 
cutting speed for a tool life of 1 min. Table 3 shows an appre- 
ciable increase in cutting speed for both the 20-min and 2-hr 
tool-life values. 

Emulsion C, Table 3 is similar to emulsion B except that the 
third type of soluble oil was used. Emulsion C-2-0 contains 
0.153 per cent colloidal graphite by weight. The difference be~ 
tween the equations for the two emulsions shows a reduction in 
the value of the exponent from 1/6.3 to 1/8.5 and a slight reduc- 
tion in the value of the constant. An appreciable increase in 
cutting speed is shown for ‘both the 20-min and 2-hr tool-life 
values. 

It was found that when soluble oil B was used, the suspension 
of the colloidal graphite was very poor. Even while running the 
tests, an appreciable amount of the graphite was thrown out of 
the emulsion. When using soluble oil C in the form of an emul- 
sion containing the graphite, there was evidence that over a 
period of two or three weeks a considerable amount of graphite 
would be lost from the emulsion. These facts.are mentioned, 
inasmuch as many statements have been heard to the effect that 
graphite in various types of emulsions has been used with little 
success. Emulsion A, being more stable, indicates that there is 
a possibility of using graphite to advantage in emulsions, inas- 
much as both the tool life and finish are improved. 

Influence of Colloidal Graphite in Mineral Ovl. Additional 
cutting-speed tool-life tests were carried out on the 5.A.E. 3140 
steel with the standard shape of tool operating at a feed of 0.0125 
in. and a cut 0.100 in. deep. A plain light mineral oil, a sulphur- 
ized mineral oil, and a sulphochlorinated mineral oil were used, 
together with the plain mineral oil plus various quantities of col- 
loidal graphite. The graphite suspended in an oil carrier was 
added in percentages by weight of 0.038, 0.076, 0.114, and 0.153, 
in the oils listed in Table 3 as M-1/.-0, M-1-0, M-1'/.-0, and 
M-2-0, respectively. All cutting-speed tool-life curves for the 
oils are shown plotted in Fig. 8. 

It is shown that the data for the sulphochlorinated mineral 
oil and the sulphurized mineral oil are identical, resulting in one 
curve which is the highest of all for values of tool life less than 5 
min. The lowest curve is for the straight light mineral oil M. 
As various quantities of colloidal graphite are added, the curves 
are elevated and become slightly more horizontal, pivoting about 
a point corresponding to a tool life of 11/;min. For values of tool 
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life above 5 min, the highest cutting speeds are obtained with the 
mineral oil M-2-0, which contains 0.153 per cent by weight of 
graphite. It is interesting to note that the lowest curve in Fig. 
8, obtained with the plain mineral oil M, becomes the highest 
curve (M-2-0) through the addition of this amount of graphite. 

Values of cutting speed for a 2-hr tool life are shown in Table 
3 as being 89 fpm for the plain mineral oil, 97 fpm for the sulphur- 
ized mineral and sulphochlorinated mineral oil, and 106 fpm 
for the mineral oil containing 0.153 per cent colloidal graphite by 
weight. 

Attempts were made to add the colloidal graphite suspended 
in oil to a sulphurized-base oil consisting of about 3!/. per cent 
fatty oil, 1/2 per cent sulphur, and the balance mineral oil, having 
a viscosity of about 160 sec Saybolt. It was found that the graph- 
ite did not remain in suspension for a sufficient length of time 
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to obtain satisfactory performance. It was found, however, that 
the plain mineral oil kept the colloidal graphite in suspension 
very satisfactorily, showing only 2 to 3 per cent settling of graph- 
ite after standing for a period of three weeks. The finish pro- 
duced by the mineral oil containing graphite was the best of all. 
The oil appeared black, but was clean to work with, inasmuch as 
in running from the work or machine it carried the graphite with 
it in suspension, leaving none on the surface or on the chips. 
The changes in the constants, exponents, cutting speeds, and 
tool-life values as a function of the various quantities of colloidal 
graphite carried in the mineral oil are summarized graphically 
in Fig. 9. A small addition of graphite causes the constant to 
fall off to a minimum for the oil M-1-0. It increases thereafter 
to a satisfactory maximum for M-2-0. The exponent of the 
equation is highest, producing the steepest curve, when no graph- 
ite is contained in the mineral oil, as shown in Fig. 9a. With 
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the addition of small quantities of graphite, the exponent drops 
rapidly to a minimum of 1/8.3 for the mineral oil M-1'/2-0, after 
which no appreciable reduction is obtained with further additions 
of graphite. Because of the rise of the constant for the M-2-0 
oil, it is felt that the graphite content of 0.153 in per cent by 
weight, corresponding to that of the oil M-2-0, should be the 
minimum amount to be used. 

In Fig. 9c are shown the values of cutting speed for each tool 
life of 1 hr, 4 hr, and 16 hr as the content of graphite is increased. 
The overall increase is appreciable, averaging approximately 20 
per cent. The tool life for a constant cutting speed, as shown in 
Fig. 9d, also increases very favorably as the oil contains quantities 
of graphite in excess of that of oil M-1-0. The increase in tool 
life obtained by the greatest amount of colloidal graphite in oil 
averages from 400 to 600 per cent, whereas, the increase in cutting 
speed using the colloidal graphite suspended in oil in an emulsion 
produced about 100 per cent increase. 

Summary. In summarizing the results of the experiments, 
those curves considered most significant are replotted on the 
modified log-log scale in Fig. 10. The equations are summarized 
in Table 2. The lowest curve is obtained when cutting dry, the 
highest curve for a tool-life value in excess of 13 min is obtained 
with the light mineral oil containing 0.153 per cent colloidal 
graphite by weight. The other curves are intermediate. It is 
interesting to note that, for a tool life below 13 min., the highest 
values of cutting speed are obtained for any given tool life with 
the borax water WB. The curve obtained by the use of the 16- 
to-1 emulsion A, containing 0.153 per cent colloidal graphite by 
weight suspended in oil, is consistently higher than the corre- 
sponding curve for the sulphurized oils. Fig. 10 shows clearly 
that both the slope, which affects the exponent, and the vertical 
position on the scale, which affects the constant, are affected by 
the use of the different types of cutting fluids. 

Some of the curves of Fig. 10 have been replotted on Cartesian 
coordinates in Fig. 11 to make the results more conveniently 
legible. 

The results of a-survey published by Automotive Industries (6) 
showed that of companies reporting as to the use of cutting 
fluids on turning machines, consisting of engine lathes, turret 
lathes, automatic lathes, automatic screw machines, and boring 
mills, by far the greater majority were using soluble oils on 
steel, The soluble oils ranged in richness from 1 part of soluble 
oil to 12 parts of water up to 1 part of oil to 50 parts of water. 
On engine lathes, turret lathes, automatic lathes, and boring 


mills, soluble oils represented approximately 90 per cent of the 
total. Some mineral-lard oil was used in automatic lathes, and 
considerable was used in automatic screw machines. Sulphur- 
ized mineral oil was used on automatic screw machines cutting 
steel almost as often as mineral-lard oil. 

The present-day cost of lard oil, it is believed, is causing min- 
eral-lard oils to be replaced by sulphurized-base oils or sulphur- 
ized mineral oils on automatic screw machines. Probably the 
sulphurized-base oil is used most generally, due to the fact that it 
is clear when mixed with a light mineral oil and may be mixed to 
any consistency desired for the job and type of machine. 

Judging from the tool-life tests reported in this paper, it appears 
that, from a tool-life point of view, the soluble oil is superior to 
the sulphurized mineral or sulphurized-base oils. Frequently 
in the automatic type of machine, the lubrication of the machine 
itself calls for a richer lubricant than the soluble oil. The oils 
also might be required to produce a good finish on accurate di- 
mensions and where tapping and threading operations are in- 
cluded. There is obviously a lack of standardization in the use 
of cutting fluids. The good or bad performance of a cutting fluid 
on one type of steel does not necessarily insure the same perform- 
ance on another type. One advantage of questionnaires used in 
preparing such papers as those written by McKee (2) and the one 
published in Automotive Industries (6) is that they give one an 
opportunity to compare his practice with that of others in his 
own field. 


TABLE 4 COMPARATIVE HOURLY MACHINE-PRODUCTION 
COST WITH TWO DIFFERENT OILS 


Plain Sulphurized 
oil oil 
Directilabor..4. pase Mbicelbats, iets ae e. Ce $0.40 $0.40 
Tool cost, material, and grinding.............. 0.20 0.20 
MIAChING OVELNOAGI i sri et damien es iw nme se 4.00 4.00 
Cutting-fluid cost, 1 gal per hr............... 0.16 0.24 
SEAM GOS tee a taran Sola ole Pateale Cae c moan. sis, 4.76 4.84 


Increased cost = 8 cents per hr = 1,65 per cent. 


Real economy lies in the selection of that cutting fluid which 
will do the job producing the best quality, the greatest production, 
or both. The results of this paper, while limited in scope, show 
that cutting fluids have peculiar characteristics, and cannot be 
selected on a cost basis. It appears that each job should be solved 
on its own merits, and a record of production is the best means to 
this end. 

For a constant tool life of 300 min, as seen from Fig. 10, the 
cutting speed for the plain mineral oil is 77 fpm and for the sul- 
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phurized oil it is 86 fpm. The increase in speed or production is 
12 per cent. The mineral oil costs 16 cents per gal and the sul- 
phurized oil costs 24 cents per gal. Assuming the use of these 
oils on an automatic screw machine in which 1 gal per hr is added, 
the comparative figures given in Table 4 might represent the pro- 
duction cost per hour. In other words, the values in Table 4 
show that an increased cost of 1.65 per cent produces an increase 
in production of 12 per cent. This indicates that the cost of the 
cutting fluid is not as important as its performance. 


CoNCLUSIONS 


In the experiments reported in this paper numerous types of 
cutting fluids have been used when turning steel with single- 
point tools of high-speed steel. Various conclusions may be 
drawn as follows: 

1 For a given size and shape of cut, using a single tool ma- 
terial and test log, each cutting fluid produces a characteristic 
equation representing the relation between cutting speed and tool 
life. Both the exponent and constant of the equation may be 
varied. 

2 For a given area of cut, other factors remaining the same, 
the results obtained with a shallow thick cut differ from those of 
the deep thin cut. 

3 The use of oils on the shallow thick cut caused the log-log 
curves to become steeper, whereas, when used on the deep thin 
cut, the curves become more horizontal, indicating opposite 
tendencies. 

4 In all tests reported, the same exponent in the cutting- 
speed tool-life equation is obtained when cutting dry and with 
aqueous solutions and emulsions, but characteristic values of 
the constant are obtained. 

5 The addition to an emulsion of colloidal graphite suspended 
in water produces slightly favorable tool-life values but inferior 
finish. The work, operator, and machine were left extremely 
dirty, however. 

6 When colloidal graphite suspended in oil is added to the 
soluble oil before being reduced with water to make an emulsion, 
the slope of the cutting-speed tool-life curve with the horizontal 
is reduced, while the constant remains practically the same. 
When colloidal graphite of not less than 0.153 per cent by weight 
is added to the emulsion, the cutting speed for a given tool life 
is increased about 10 per cent and the tool life for a given cutting 
speed is increased about 100 per cent. This emulsion was clean 
and proved to be very satisfactory as a cutting fluid. 

For commercial use it seems desirable that the colloidal graph- 
ite carried in oil be added to the soluble oil at the time of its 
manufacture. Some types of soluble oils proved to be poor 
carriers of the graphite. 

7 When colloidal graphite is added in increased quantities to 
a plain mineral oil, the resulting cutting-speed tool-life curves be- 
come more horizontal, showing the exponent to be reduced with 
a very slight change in the value of the constant. Maximum 
benefits in cutting speed or tool life are obtained when the per 
cent of colloidal graphite by weight in the mineral oil is 0.153. 
For a given tool life, an increase in cutting speed under these con- 
ditions averages 20 per cent. For a given cutting speed, the tool 
life increases 400 to 600 per cent. The addition of the colloidal 
graphite to the mineral oil darkened the color of the oil, but it 
did not prove to be objectionable, as the machine and work were 
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TABLE5 ORDER OF CUTTING FLUIDS FROM LOWEST TO HIGH- 
EST SPEEDS WHICH GIVE A TOOL LIFE OF 2 HR 


Speed, 
Cutting fluid fpm 
(Qa Drycutting. the lowest... aace sonts «pels beats artecet ronteees 83 
(Oise Piety mineraloils (2.02 see acs evs a os che Ha oe oes 89 
(ele Paul: (Al. part oil. to 16\parts water. < so? nwa s oon ne oes 93 


(d) Sulphurized mineral and sulphochlorinated mineral......... 
(e) 1-16 Emulsion containing 0.153 per cent by weight of colloidal 
STA DUICE, ia inte ious) eae See oT Ne ARTCC Te cc EO 100 
(f) Mineral oil containing 0.153 per cent by weight of colloidal 
graphite, highest, c0cics« <cctes ates eo canoe taee eee 


These values were obtained when turning normalized and annealed 
S.A.E. 3140 steel with 18-4-1 high-speed-steel tools ground to the standard 
shape 8-14-6-6-6-15-3/64R, with a feed of 0.0125 in. and a cut 0.1 in. deep. 


left clean as the oil ran off. Only about 3 per cent of the col- 
loidal graphite was found to settle out of the oil on standing 
for a period of three weeks. 

8 When turning normalized and annealed S.A.E 3140 steel 
with 18-4-1 high-speed-steel tools ground to the standard shape 
of 8-14-6-6-6-15-3/64R, with a feed of 0.0125 in. and a depth of 
cut 0.100 in., Fig. 10; the cutting fluids from the lowest to the 
highest cutting speeds which give a 2-hr tool life are listed in 
order in Table 5. The difference between the highest cutting 
speed of 106 fpm and the lowest cutting speed of 83 fpm repre- 
sents an overall increase of 28 per cent for the 2-hr tool life. 

9 For short values of tool life, water plus borax or plain water 
gives the greatest cutting speed for any tool life below 13 min. 
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~ New Spring Formulas and New Materials for 
: Precision Spring Scales 


By M. F. SAYRE,! SCHENECTADY, N. Y., anp A. V. DE FOREST,? CAMBRIDGE, MASS. 


This paper describes development work on springs for 


precision measuring instruments in which the various 
errors or deviations from desired behavior of the springs 
were studied separately. These errors were then com- 
pensated for by the design of a new-type helical spring, 
the combined error of which was reduced to well within 
0.05 per cent. 

Variations due to change in elastic modulus with 
changes in temperature were eliminated essentially by 
the development of a special alloy of a modified elinvar 
type containing 36 per cent nickel; 8 per cent or more 
chromium; 4 per cent of other elements including man- 
ganese, silicon, molybdenum, copper, and vanadium; 
and the remainder iron. By making use of a high degree 
of cold drawing followed by a moderate-temperature heat- 
treatment and by other special processing, safe working 
stresses were raised to 60,000 lb per sq in. in shear, while the 


INTRODUCTION 


PRING scales have been used for almost 300 years with a 
S relatively high degree of success. Maximum success as a 

‘precision instrument, however, has been hindered by the 
presence of errors resulting from the following inherent difficul- 
ties: (1) Changes in stiffness of spring, i.e., in modulus of 
elasticity, with changes in temperature. (2) Differential varia- 
tions in length of the spring itself and of the attached parts due 
to expansion and contraction with temperature. (3) Creep 
of the metal of the spring under stresses well within the elastic 
limit followed generally by a gradual elastic recovery after the 
load has been removed. (4) Hysteresis in the metal mani- 
fested by failure of the spring to follow the same load-deflection 
curve on increasing and on decreasing loads. This makes itself 
evident in the form of “back error” in the scale. (5) Slight 
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error due to creep under working loads was reduced to 
less than 0.02 per cent and the error due to “‘back error”’ 
or hysteresis was reduced to less than 0.04 per cent. 

Due to changes in pitch angle of wire and in radius of 
the coil as the load is applied, the load-deflection curve 
for a truly elastic helical spring of round wire deviates 
slightly from a straight line. Accurate formulas for the 
curve are developed in the paper. Using wires with the 
proper rectangular cross section, the resulting helical 
springs will theoretically have an exact straight-line rate. 
Actual behavior of these springs approximates very closely 
their theoretical behavior. An error results from the 
twisting of the springs under load. This has been cor- 
rected by using two springs in series, oppositely wound. 

Various other means of compensating for the various 
errors were also studied, some of which are mentioned in 
the paper. 


deviations from straight-line characteristics in the inherent 
elastic stress-strain curve of the material. (6) Deviation from 
straight-line characteristics of the load-deflection curve due to 
changes in such factors as pitch angle and radius of coil of the 
spring itself as it changes in length under load. (7) Deviations 
from proper shape and form in the transmitting machinery be- 
tween the weighing spring and the indicating mechanism, due to 
improper design. (8) Further errors resulting from slight 
inaccuracies in workmanship in the transmitting machinery and 
in the indicating dial itself. 

This seems like an imposing list. Actually, most of these errors 
are relatively small and for years past the better grade of spring 
scales have given satisfactory service. This has been the result 
of good workmanship, of the use of special devices for compen- 
sating for temperature variations, and of a process of hand-cali- 
bration by which each individual scale, point by point, has been 
made to conform to correct values. 

Naturally, this has been at best a slow, expensive, and rela- 
tively unsatisfactory method. Somewhat over five years ago 
G. E. Chatillon of John Chatillon and Sons, a company which has 
been manufacturing spring scales for approximately one hundred 
years, initiated a program of investigation, first to isolate and to 
study separately each of these various errors; second to develop 
means by which these errors separately could be eliminated or 
compensated for; and third to introduce precision manufacturing 
methods which would reduce cost of manufacture and at the 
same time increase the precision of the finished result by eliminat- 
ing need for hand corrective methods. 

As a result of this investigation, these errors have been elimi- 
nated as follows: 

(1) Temperature changes of the first type have been elimi- 
nated by use of an alloy of a modified elinvar type, which has 
been named “Iso-Elastic” metal, because of its properties, 
and which has a modulus of elasticity constant at approximately 
9,500,000 Ib per sq in. in torsion over relatively wide ranges of 
temperature. By changing the chemical composition, the posi- 
tion of this range of constancy can be shifted higher or lower to 
suit special conditions, if necessary. Temperature errors of 
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the second type are negligible in amount, but can if desired be 
completely eliminated by proper choice of the metals used in the 
frame and transmitting mechanism. 

(2) Creep and hysteresis errors have been reduced to ex- 
tremely small proportions while at the same time the allowable 
working stresses have been increased first by adding 0.4 to 0.8 
per cent Mn and 0.5 to 1.5 per cent Mo to elinvar alloy which 
contains 36 per cent Ni 8 per cent Cr; second by care in manu- 
facture; and third by making use of an unusually high degree of 
cold work, followed by a low- to moderate-temperature heat- 
treatment. At a stress of 60,090 lb per sq in., creep in one 
hour has been reduced to less than 0.02 per cent of the deflec- 
tion. The accompanying “back error” or hysteresis is not over 
0.02 to 0.04 per cent of the full-load deflection. 
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Fic. 1 Spring System DesiGNEp as A ReSULT OF THE INVESTIGA- 


TION REPORTED BY THE AUTHORS 


(3) By using wire of rectangular cross section, coiled with 
the long axis of the wire parallel to the axis of the helix, the spring 
itself has been given an inherent straight-line relationship be- 
tween load and deflection. This has also involved the use of 
special precautions in manufacture. 

(4) Secondary difficulties due to binding on pivots resulting 
from coiling or uncoiling of the springs under load changes have 
been eliminated by use of a right-hand and a left-hand coiled 
spring in tandem. 

The resulting spring system is shown in place in a finished scale 
in Fig. 1. The rack-and-pinion transmitting mechanism in this 
scale gives a magnification of approximately 30 to 1 so that ex- 
tremely small variations are readily visible. The accuracy of the 
springs themselves is such that the combined error due to all 
causes, including rack-and-pinion system and dial, should not 
average more than one part in 2000 at the full-capacity load of 
20 Ib. A conception of what this means can be gained by com- 
paring with what is ordinarily thought of as the extremely 
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small variations in the pull of gravitation from point to point on 
the earth’s surface. The variation in the acceleration due to 
gravity g between the latitude of Alaska and that of the equator 
is approximately seven times as great as the error just mentioned. 
To obtain the full and complete benefit of the possible preci- 
sion of these springs, scales would necessarily be calibrated sepa- 
rately for any two regions differing noticeably in latitude. This 
of course can readily be done where necessary. These springs 
are called “Iso-Elastic,’’ and the scales ‘‘Iso-Seal.” 

This brief summary of the final result of the investigation pre- 
viously referred to gives only a small conception of the amount of 
development work completed and of the various alternative 
solutions which were considered before these final results were 
obtained. 


STEPs IN THE DESIGN OF SPRING SCALES 


A necessary first step in the design of the precision spring 
scales called for a detailed investigation of existing literature on 
the subject. In much of this literature, especially in patent 
specifications, obvious errors were found. It was found that 
attempts had been made to correct for the temperature error by 
providing for differential variations in the length of the spring 
itself and of the attached parts due to expansion and contraction 
with temperature, while ignoring the much larger item of changes 
in stiffness of the spring, i.e., in modulus of elasticity, with 
changes in temperature. Almost no mention was found in the 
literature of the relatively important item of deviation from 
straight-line characteristics of the load-deflection curve due to 
changes in pitch angle and radius of the coil of the spring itself as 
it changes in length under load. Certainly no quantitative esti- 
mates of the magnitude of the latter item or suggestions for its 
correction could be found. When its existence was recognized 
at all, it was customarily tacitly grouped with the errors re- 
sulting from slight inaccuracies in workmanship in the transmit- 
ting machinery and in the indicating dial, and cared for by cut- 
and-try methods. In spite of the immense amount of work 
already done, this part of the problem therefore presented in some 
measure a virgin field. 

Following the study of the literature, and in some measure 
parallel to this study, work was done on methods for eliminating 
temperature, creep, and straight-line error. 


TEMPERATURE EFFECTS 


From almost the beginning of the investigation, the alloy 
elinvar containing 36 per cent nickel, 1.2 per cent silicon, 12 
per cent chromium, and the balance iron, suggested itself as a 
means of eliminating temperature error. This alloy has been 
used to some extent for balance springs in watches and for 
similar purposes, but for other purposes its usefulness has been 
sharply limited by its low proportional limit and by creep and 
“back error’ even within this low limit. In fact, statements 
have been made that this was an inherent property of the mate- 
rial. Metallurgical investigations, discussed later in the paper, 
brought out the fact that these defects could be overcome by 
use of the somewhat similar Iso-Elastic alloy, which was adopted 
finally. Meanwhile, however, work was done on various feasible 
substitute methods which are described in this paper as a matter 
of interest. 

One expedient involves the use of springs of steel or phosphor 
bronze (the stiffness of which decreases with temperature) in 
connection with springs of invar which, over a reasonably wide 
range, increases in stiffness with increase of temperature. Several 
arrangements are possible. Fig. 2a shows an arrangement by 
which the springs are placed in parallel, but constrained to 
elongate equal amounts. In this case, to obtain proper com- 
pensation, the product of spring stiffness and temperature co- 
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efficient must be the same for the invar springs as for the steel 
springs. In Fig. 20, the springs are in parallel but free to elongate 
independently, being connected by an equalizing lever. In this 
latter arrangement the two springs must have stiffnesses inversely 


‘\proportional to their distances a and 6 from the point of load 


attachment, and the point of attachment between lever and in- 
dicating mechanism must be spaced with respect to the springs 
inversely proportional to their temperature coefficients. A 
third and probably more satisfactory method would involve the 


“luse of invar and steel springs in tandem, if comparative dimen- 


Fie. 2 (a) ARRANGEMENT OF PARALLEL SPRINGS CONSTRAINED 
To ELONGATE Equau Amounts. (b) PARALLEL Springs ARRANGED 
To ELONGATE [INDEPENDENTLY 


sions were chosen to make the combination automatically com- 
pensating. 

Another way of correcting for temperature effects involves 
the use of a spring made of steel or of some other material (the 
stiffness of which decreases with temperature) coupled with a 
yielding member such as a cantilever spring, the effective 
length of which can be caused to change with temperature, by 
using a strut of thermostatic metal. In this way the increas- 
ing stiffness of the yielding cantilever spring can be made to 
compensate for the decreasing stiffness of the major helical spring. 
This method has been in use for some time in the better grades of 
spring scales, but naturally involves various practical difficulties. 

‘A still further device involves the use of a pair of springs made 
of material with temperature coefficients of the same sign but 
different values, connected to a differential lever. Such a lever 
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Fig. 3 Scare Wits Sprines Mapz or MareriaL Havine TEMPERA- 
TURE COEFFICIENTS OF THE SAME SIGN BUT OF DIFFERENT VALUES, 
AND WITH THE SPRINGS CONNECTED BY AN EQUALIZING LEVER 


Fie. 4 ANoTHER ARRANGEMENT OF THE SPRINGS UsmD IN THE 
Scat SHowN IN Fic. 3 
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system is shown in Figs. 3 and 4. By connecting the indicating 
mechanism to the differential lever at the proper point, correction 
can be made for temperature effect. By using proper methods, 
this same system can potentially be used to correct simultaneously 
for straight-line error and creep error as well as for the tempera- 
ture error. Therefore, a detailed description of this method will 
be given later in the paper. 


CREEP AND Hysrreresis Errects 


Creep and hysteresis effects naturally are allied closely to the 
metallurgical phases of this problem, and the methods taken to 
overcome them will later be described in more detail. The major 
features, as already mentioned, involve certain changes in analysis, 
the use of certain special processes in manufacture, and a very 
high degree of cold work followed by a moderate-temperature heat- 
treatment. In the completed springs, stresses up to 60,000 lb 
per sq in. in shear have been utilized without exceeding the 
elastic limit or causing measurable permanent set. Over a work- 
ing elongation of 3.625 in., which corresponds to that of the 
spring size most frequently used in this investigation, the spring 
under a 24-hr application of full load showed creep usually 
not over 0.005 in. On applying half load, then full load, and 
then rereading at half load, the springs show a difference in 
reading, or back error, of a maximum of 0.001 in. with an aver- 
age difference of less than one half that amount between ascend- 
ing and descending loads. Somewhat to the surprise of every- 
one concerned, creep and back error experimentally did not al- 
ways seem to be directly connected. 

It may be of interest to note that the so-called thermal creep, * 
which is inherently elastic in character, and which in materials in 
tension, compression or bending may be the cause of an appreci- 
able percentage of the initial creep, is virtually absent in torsion 
and can therefore be neglected when dealing with the usual ex- 
tension helical springs. 


Srraicut-LINE BEHAVIOR 


Except for certain artificial reasons, a spring the elongation 
rate of which in inches per pound of applied load is slightly 
different at full load from that at half or quarter load, should give 
precisely as good results in a load-measuring apparatus as a 
spring with a straight-line relationship between load and deflec- 
tion. All that is necessary, apparently, is to graduate the indi- 
cating dial of the scale accordingly. Practically, this is not the 
case. Aside from the inherent difficulties in graduating a dial to 
conform exactly to the load-deflection rate of such a spring, 
there is the difficulty that in many cases state laws require that 
scale graduations be equally spaced. There is also the objection 
that in a large percentage of the scales, the pointer makes two or 
more revolutions of the dial before reaching full load. For ex- 
ample, in a spring with a capacity of 30 lb, each revolution of 
the dial may represent a 10-lb load. Such a scale is possible 
only provided the load-deflection rate of the mechanism is the 
same between zero and 10 lb, and between 10 and 20 lb, as be- 
tween 20 and 30 lb. For these practical reasons a so-called 
straight-line spring is highly desirable. 

When Robert Hooke first stated his famous law in 1678 he 
used it as applying to helical springs and in a sense only inci- 
dentally mentioned it as applying directly to a relation between 
stress and strain in a material. To a surprising degree this law 
does hold true for helical springs in extension or compression. It is 
not, however, exactly accurate; in fact, it would be surprising if 
it were. There are three possible reasons for deviations from this 
law: (1) The pitch angle of the coil changes greatly during 


3 “Plastic Behavior in the Light of Creep and Elastic Recovery 
Phenomena,” by M. F. Sayre, Trans. A.S.M.E., vol. 56, 1934, paper 
RP-56-8, pp. 559-561. 
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loading and this is accompanied by a slight coiling or uncoiling 
of the spring itself with corresponding changes in the length 
of the wire. These changes cause the normal load-deflection 
curve of the spring to deviate slightly from straight-line char- 
acteristics. (2) Experimental work‘ has shown that Hooke’s 
law is not exactly accurate for metals under tension, the modulus 
of elasticity decreasing as the tensile stress increases. In steel, 
for example, the modulus of elasticity at a stress of 50,000 lb per 
sq in. is approximately 1 per cent less than for zero stress. This 
is not a large variation but it is amply sufficient to cause great 
difficulty when working within the tolerance limits demanded of 
high-grade scales. Fortunately, from a theoretical point of 
view and also from experimental results obtained in connection 
with this investigation, it has become evident that the deviations 
from straight-line behavior under shearing stresses are materially 
less than in tension or compression. (3) Any creep or hysteresis 
in the material will tend to cause an apparent curvature in the 
ascending side of the load-deflection curve, the descending line 
of the diagram being curved in the opposite direction so as to 
form a loop. 

At the beginning of this investigation an extended study was 
made of all available data to determine if possible the relative 
magnitude of these three factors. No such information, either 
experimental or theoretical, could be found. There was a 
certain amount of information regarding the amount of the 
total deviation from straight-line behavior for individual springs 
measured experimentally by subtracting the elongation at half 
load from one half the full-load elongation of the spring, but this 
figure could not be subdivided to give separately the three differ- 
ent factors mentioned. No equations could be found which 
would correlate these results with the general dimensions of the 
spring, or explain how the straight-line error could be reduced. 

Of these three causes for deviations from straight-line behavior, 
the first one, representing the effect of changes in the geometry 
of the spring, is apparently the most important. The first step, 
therefore, was to develop an accurate equation for the relation 
between load and deflection in a helical spring; an equation 
which would be valid not simply for any one particular load but 
also throughout the full range of loading as the pitch angle of the 
spring changed. The derivation of this equation is given in de- 
tail in the Appendix. 


Deflection 


Load 


Fie. 5 Derriection-Loap CurvEs FoR SCALE SPRINGS AND DpytIa- 


TION D From SrraiGutT-LINeE Rate 


In final form, it can be expressed as follows, separated into two 
parts to give the initial rate of elongation and then the deviation 
from that initial rate: 

Initial rate of elongation in inches per pound of load (initial 
tangent to curve) = slope of line B in Fig. 5 = 


RrL ReH? 
GJ GJL 


(US GUG/ ED) el ls A Gere aa [39] 


‘ “Laws of Elastic Behavior in Metals,’’ by M. F. Sayre, Trans. 
A.S.M.E., vol. 56, 1934, paper RP-56-7, pp. 555-558. 
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Deviation from initial straight-line rate in inches, shown as D in 
Fig. 5 = 


PR»? % 
EGIL. (3 — 2 GJ/EI) (H? + HH, — 2 H,?).... [40] 
Total elongation under a load P = 
(P X initial rate) + deviation............ [41] 


Equations [39] and [40] apply to extension and to compression 
springs, coiled from wire or rod of any cross-sectional shape. 
The definitions of the symbols used in Equations [39] and [40] 
are given in the nomenclature at the end of the paper. 

The deviation from initial straight-line rate as given by Equa- 
tion [40] represents the product of three factors. The first 
factor PRy?/3GJL, is dependent on the load and the initial di- 
mensions of the spring as well as on the modulus of elasticity in 
torsion. The third factor (H? + HH) — 2H?) is dependent 
only on the initial and final height of the spring. These two 
factors can be controlled by the general design of the spring, 
but neither can be reduced to zero. The factor (3 — 2GJ/EI) is 
dependent upon the relationship between GJ and EI; in other 
words, the ratio between the torsional stiffness and the bending 
stiffness of the wire in the spring. Normally, G is approximately 
40 per cent of H, and for round wire J is twice the value of J. 
For round wire this factor, therefore, has approximately the 
value of 1.4. By properly changing the shape of the wire, how- 
ever, the relationship between GJ and EI can be varied either 
way, reducing it below 0.8 or increasing it to, or slightly beyond, 
1.5. In this way the magnitude of the theoretical deviation 
from initial straight-line rate can be controlled and under proper 
conditions made equal to zero. It is this fact which makes the 
production of a truly straight-line helical spring possible. 

The simplest way in which this can be done is by use of a wire 
with a rectangular cross section, coiled flatwise, that is, with the 
long axis of the wire parallel to the axis of the helix. For such a 
wire, if a is the long axis and b the short axis of the rectangle, 
T = ab3/12, J = kab3, and J/I = 12k, and if G/H is assumed equal 
to 0.4, then 


a/b = 1 2 3 4 10 oo 

k = 0.141 0.229 0.263 0.281 0.312 0.333 

J/I = 1.690 2.750 3.160 3.370 3.740 4.000 
(3 — 2GJ/EIT) = +1.650 +0.800 +0.470 +0.300 0 —0.200 


The desired straight-line conditions therefore would theoreti- 
cally be obtained by use of a rectangular cross section with an ab 
ratio of 10, or approximated with ab ratios of 4 or higher. With 
an elliptical cross section, a 4-to-1 ratio between the major and 
minor axes of the ellipse is theoretically sufficient. Various 
other noncircular shapes could of course be used. 

Practically, due to variations in the ratio of G/H for different 
wires, and due also probably to slight changes in the values of G 
and E with increasing loads and to a slight amount of creep in 
the wire which manifests itself by causing the stress-strain line 
to be slightly curved, the actual behavior of the springs varies 
somewhat from these results so that straight-line behavior with 
springs made of flattened wire is obtained for a/b ratios ranging 
usually from 2.5 to 4, depending upon the individual wire. With 
proper care, the deviations from true straight-line behavior 
throughout the full range of loading of the spring can be re- 
duced to less than 0.01 per cent of the full-load elongation. 

Helical springs twist slightly as they extend. This twist angle 
proved to be a secondary source of difficulty due to the resulting 
shifts in position at the knife-edge supports at the end. Due to 
frictional resistance, the introduction of a spherical joint at one 
end of the spring did not overcome this difficulty. It was, 
however, completely overcome by using two springs in tandem, 
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coiled in opposite directions so that they would twist in op- 
posite directions, the net twist of the pair being zero. 


ALTERNATIVE Mrruops For STRAIGHT-LINE CORRECTION 


In addition to the previously discussed method of correcting 
straight-line error, various alternative methods are also possible, 
but usually less desirable. Fig. 6a shows a spring with a curved 
cantilever support. By properly choosing the shape and stiff- 


(ad) 


6 AvurerNate Metuops or CorRrECTING STRAIGHT-LINE 
ERROR 


{(a) Spring with curved cantilever support. (b) Springs with a curved 

rack to transmit motion from springs to the pinion and the pointer. (c) 

Spring with a leaving calibrator. (d) Spring similar to the one shown 

in a but with the cantilever action furnished by the hook at the lower end 

of the spring rather than by a separate spring at the upper end. (e) Com- 

pression and extension spring placed in tandem in an erroneous attempt to 
counteract the straight-line error of each spring. ] 


Fic. 


ness of the cantilever spring, the deviation from straight-line 
behavior of the cantilever spring can be made approximately 
equal in amount and opposite in sign to that of the helical spring, 
thus giving the combination spring a straight-line rate. In the 
apparatus shown in Fig. 6b, a similar motion of the pointer is 
obtained by using a curved rack to transmit motion from the 
springs to the pinion and pointer. Fig. 6c shows a spring with a 
so-called “leaving calibrator.” As the spring elongates it gradu- 
ally draws away from the calibrator at its support and at the 
point marked by a small arrow. In this way the effective 
number of coils in the spring increases slightly as the load in- 
creases, thus slightly decreasing the effective stiffness of the 
spring and correcting approximately for the inherent straight- 
line error of the spring itself. This method at best gives only an 
imperfect correction. The spring shown in Fig. 6d is inherently 
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similar in character to that shown in Fig. 6a, the only difference 
being that the cantilever action is furnished by the hook at the 
lower end of the spring itself rather than by a separate spring at 
the upper end. Fig. 6e is given only to show one of the typical 
errors which may result from careless reasoning. It consists of a 
compression and an extension spring placed in tandem so that the 
straight-line error of one would counteract the straight-line 
error of the other. Actually, the two errors are additive rather 
than subtractive so that the device is ineffective. 


DIFFERENTIAL-LEVER METHOD OF CORRECTION 


An alternative method of correcting the errors already men- 
tioned is by use of a differential lever shown in Figs. 3 and 4. 
This method can be used theoretically to correct for either 
straight-line error, creep error, or temperature error, or by proper 
design, for a combination of all three. It consists of a pair of 
springs, either simple or composite in type, which at their lower 
ends support lever ABC shown in Fig. 4. The entire load to 
be weighted, or a definite proportion of this load, is applied to the 
lever at point D. Point D isso placed between A and B as to dis- 
tribute the load between the two springs in proportion to 
their stiffness so that they elongate equally. Assume first that 
the two springs are at a constant temperature and are free from 
creep and straight-line errors. Under application of load, points 
A, B, and C move down at equal rates and the motion of the 
pinion with its attached pointer is exactly the same as if it were 
controlled directly by one of the two springs. Imagine now that 
while the springs are under load, the temperature changes and 
that the temperature coefficient of the left-hand spring is to that 
of the right-hand spring as the ratio of AC to BC. Due to the 
change in stiffness of the springs with temperature, points A 
and B will both change in position (but by different amounts) 
in the proper ratio so that point C will not move and the reading 
of the scale will be unaffected by the change in temperature. A 
similar correction will occur automatically if points A and B both 
change in position due to creep in the springs, if and provided the 
amount of relative creep is in this same ratio of AC to BC. Cor- 
rection for the two effects combined can be made by using 
springs in tandem as indicated in Fig. 4 of Fig. 5, and by select- 
ing the metals used and adjusting the relative length of the 
two parts so as to obtain the desired relationship between the 
temperature coefficients and the creep ratios. Adding the con- 
trol of straight-line errors involves only the proper design of the 
springs, since by making use of Equation [40], by changing 
either the shape of the wire or the radius of the coil for some one 
of the springs, the composite springs can be given straight-line 
errors which bear the same ratio of AC to BC. By careful de- 
sign, this method probably could be made to work successfully. 
However, it should be handled carefully since the arrangement 
tends to be dynamically unstable. As shown in Fig. 4, the 
rack and pinion and pointer attached at point C have a much 
larger effective inertia than have the springs attached at points 
A and B. On sudden application of load, the rack and pinion 
tend, therefore, at first to lag behind the downward motion of 
the springs, only gradually acquiring velocity. Later, this stored- 
up energy causes the pointer to oscillate about its true position. 
This tendency can be overcome by use of dash pots or by adding 
sufficient weight at the other end of the lever, beyond A, to 
cause the effective center of gravity of the lever, rack, and pinion 
combined to coincide with the load point D. 


CALIBRATING FIXTURE 


Mention should here be made of the calibration fixture devised 
by R. B. Wasson of John Chatillon and Sons. This fixture was a 
necessary factor in the success of this investigation. It consists 
essentially of a substantial spring scale (one spring only) with 
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rack, pinion, and dial of unusual accuracy and with a sufficiently 
large multiplying factor so that readings can be rapidly made and 
relied upon within a probable error of 0.0002 in. Provision is 
made so that the springs used in this scale can be changed rapidly 
and so that adjustment can be made for varying length or dimen- 
sions of the spring. By use of this calibrating fixture, readings of 
elongation can be far more rapidly and more accurately made 
than by use of the old methods, using either micrometer calipers or 
traveling microscopes. In view of the thousands of springs 
which were made and tested, this was a very important factor. 


PossIBLE Usrs oF SPRINGS 


These springs have so far been made in capacities ranging up to 
150 lb per spring but larger sizes are feasible. They are now in 
use in various models of the newer Chatillon scales and have also 
been adopted by the Baldwin-Southwark Corporation of Phila- 
delphia for use in certain of their testing machines, including a 
machine which is under construction for the U. 8. Bureau of 
Standards. Various other uses are under consideration, one of 
which is an adaptation to governors on truck carburetors to 
regulate speed where previously such a device actuated by a 
helical spring would have been impossible because of the wide 
temperature variations underneath the engine hood of the truck. 
Various applications of the Iso-Elastic metal for other purposes 
than in helical springs also seem probable. 


ACKNOWLEDGMENT 


Major credit in this work goes to R. B. Wasson of John Chatil- 
lon and Sons. Mr. Wasson had charge of the investigation from 
start to finish and was specifically responsible for all the details 
of the final design. The work done by the authors was in direct 
connection with Mr. Wasson and therefore credit is due him also 
for this work. It was, for example, his initial suggestion which 
resulted in the use of flat wire as a means for correcting straight- 
line error. Mention should also be made of the consistent sup- 
port and backing received from G. E. Chatillon throughout the 
investigation. In the development work, Professor de Forest 
acted as consulting metallurgist and Professor Sayre acted as 
consultant on mechanical design and theory. 


NOMENCLATURE 
A = area of cross section of wire 
a@ =major axis of cross section of wire, such as, for 


: example, the long side of rectangular-section wire 
B = total angle of bending in the wire of the spring 
b = minor axis of cross section of wire, such as, for 
example, the short side of rectangular-section wire 
= constants in the various equations of the Appendix 
E = modulus of elasticity in tension or compression 
G = modulus of elasticity in shear or torsion 
H = total height of effective portion of the spring 
Hy = initial value of H 
dH = small change in total height of effective portion of the 
spring 
I = moment of inertia in bending 
J = coefficient measuring torsional stiffness for a given 
cross section. For circular but not for other cross 
section, J = polar moment of inertia 
K =a coefficient used in shearing deflection formula 
which is dependent on the shape of the cross section. 
For circular or elliptical shapes, K = 1.11. For ree- 
tangular shapes, K = 1.20. 
L = actual developed length of wire in the effective por- 
tion of the spring, in. 
P = applied load on the spring, lb 
dP = small increment of applied load 
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p = pitch of the coil = distance from center line of the 
wire to the center line of the wire of adjacent coils 
R = mean radius of the coil, i.e., from the central axis 
of the coil to the center line of the wire 
Ry = initial value of R 
dR = small change in the radius of the coil 
r = radius of the wire 
T = total angle of twisting in the wire of the spring 
¢ = pitch angle of the coil; tang = p/27R 
oo = initial value of ¢ 
dd = small change in the pitch angle of the coil 
6 = central angle at the axis of the coil corresponding to 
the total effective length of the wire 
6) = initial value of @ 
d@ = small change in the central angle 6 


Appendix 


DERIVATION OF DEFLECTION EQUATIONS FOR SIMPLE 
HELICAL SPRINGS 


Imagine a loosely coiled cylindrical helical spring made of 


wire, rod, or tube of any cross section suspended below a hori- 


v 


Fic. 7 Loospiuy Cornmp CyLinpricaL HuLicaL SprING SUSPENDED 
Briow A HorizontTaL SuRFACE AND ATTACHED TO TuaT SURFACE 
at Z so THAT THB *AXIS OF THE SPRING Is IN A VPRTICAL POSITION 


zontal surface and attached to that surface at Z as shown in Figs. 
7a and 7b, so that the axis of the spring is in a truly vertical 
position. Assume a uniform coil diameter and uniform pitch 
angle, and one end of the spring free to rotate. The wire of the 
coil will make an angle with the horizontal equal to ¢, the pitch 
angle of the spring. 
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The elongation dH of this spring under a force dP of minor 
magnitude is 


RL IEEIE, KL L 
dH, = dP ee cos*@ + a sin’d + GA cos*¢ + BA x's | 


Sain 


Within the bracket of Equation [1], the first term represents 
the effect of torsional twist in the wire of the spring, the second 
term represents the effect of the bending moment, the third term 
represents the effect of direct shear, and the last term represents 
the effect of direct tension upon the wire. 

The customary equation for the deflection of a helical exten- 
sion or compression spring, which is 


Elongation = H — Hy) = —,— 


may be derived from Equation {1] by neglecting all but the first 
term within the brackets, and treating cos@ as unity. The 
negative error due to neglecting the other terms in the brackets 
of Equation [1] is counterbalanced partly by the positive error 
in assuming cos¢ as being equal to unity. 

In Equation [1], 2, ¢, and to a much lesser degree L, vary as 
H and P change. Therefore, Equation [1] is rigorously correct 
only for differential values of dP. To obtain an expression of 
more general applicability, it will be necessary first to derive 
equations for the relations between R, ¢, and H, substitute such 
equations in Equation [1], simplify, and integrate. The simplest 
way to accomplish this is to look at the spring from a viewpoint 
slightly different from that customarily used. 

In order to coil a flat or round wire into the shape of a true 
spiral the length of which corresponds to a horizontal angle @ and 
the coils of which all lie in the same horizontal plane, it is neces- 
sary to curve an initially straight wire through a total angle @ 
about an axis which is perpendicular to the plane of the spiral 
and therefore perpendicular to the axis of the wire. In order 
to coil a similar wire into the shape of a helical spring with a 
total horizontal angle 6 and pitch angle ¢ as shown in Fig. 7c, 
the wire must be curved through the same total angle 4, but this 
time it must be curved about an axis which is at or parallel with 
the axis of the spring and which makes an angle of 90 deg — @ 
with the axis of the wire. The operation of curving the wire 
about an oblique axis may be best thought of as the equivalent 
of putting the wire simultaneously through combined bending 
and twisting operations, the bending being about axes normal to 
the wire, and the twisting being about the axis of the wire itself. 
By use of a vector triangle of angles, similar to a vector triangle of 
forces, it may be shown that if @ represents the total angle of 
curvature of the helical spring in radians, as projected on a plane 
perpendicular to the axis of the coil, the total angle of bending B 
will be 


Similarly, the total angle of twisting T willbe 
ft t= VOF SING) wisiavelaiets <erelsieleleisi= creme oe = [4] 


Angles B and T are total angles representing the summation 
of the differential angles of bending and twisting in successive 
short elements of length in the total length of the effective portion 
of the spring. 

The application of a load dP to the spring produces bending and 
twisting throughout the length of the wire, therefore causing 
changes in the total angles Band T with corresponding changes in 


6 and ¢. 
The cumulative angle in radians of bending rotation dB 
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throughout the length of the spring which results from the ap- 
plication of a load dP may readily be shown to be 


aPR sing dL 
EI 


Similarly, the cumulative angle of torsional rotation dT’ 


_ RL sing dP 
HU ; 


fe aPR cos¢ dL a RL cos¢ dP 
x GJ ey GJ 


Differentiating Equations [3] and [4] and combining them 
with Equations [5] and [6], itis found that 


dB = dé cos@ — 6 sing do = —(RL sing dP)/EI........ (7] 


and 


RL cos¢ dP 


= d6 si 0 dé = 
aT dé sing + 6 cosd dd Gr 


The negative sign is used in the right-hand side of Equation [7] 
since the applied load dP tends to open the coil rather than close 
it. 

The following relations also exist 


HT Gini weer mare ei co. Sele (9] 

OE COSG es eee reer LO] 

Making use of Equations [7], [8], and [10], it can be shown 
that 

dé = RL sing c dP \ — — we {11] 

= sing cosd a ied a 
and 
R?dP | cosh sin’p 
= ae ee oe | nee 12 
cos¢ | GJ af EI | U2 


Ignoring the slight change in length due to the direct tensile 
force on the wire, the total length Z of the wire remains constant. 
Differentiating Equation [10] it is found that 


=~ ir SIND IA geile OU me | AO Uatametey ce. ieee {13] 


Values for 6, dé, and d¢ are given in Equations [10], [11], and [12], 
respectively. If these values are substituted in Equation [13], 
and if Equation [13] with these substituted values is solved and 
rearranged, it is found that 


Differentiating Equation [9] gives 
GHI—TL) COSd: dbase mee. (15] 
If the value of d from Equation [12] is substituted in Equation 


(15] 
dH cos*h sin*¢ 
2 
aP ~ wp | + 4 SAE See [16] 


Equation [16], combined with appropriate terms for the effect of 
direct shear and tension, served as a foundation for Equation [1]. 

Replacing cos’ by (1 — sin*p) in Equation [1], rearranging, 
and omitting the term ZL sin’ [(K/GA) — (1/EA)] which is of 
decidedly minor magnitude 


dH RL | KL 
dP GF" AG 


1 1 
R2L sin2p es ») waren {17] 
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Direct-shearing deflection has an appreciable effect upon the 
change in the pitch angle dd. To allow for this deflection, Equa- 
tion [12] must be modified to read 


2 2 in 2, 
dp of ae o ale 
dP cosp GJ EI 
Its effect upon the radius R of the coil and upon the total angle @ 
is balanced by the accompanying effect of direct tension. There- 
fore, it is not necessary to change Equations [11] and [14]. 
Dividing Equation [14] by Equation [18] to eliminate dP, and 
ignoring terms containing the factor tan’, since it is possible 
to omit them without changing appreciably the result, it is found 
that 


2 1, tants 
a. cabal lZ-4 an er | » Eee | 
i ye ae K_ tan = =——s L.1 + KJ/AR? 
Gi + AGR? * EI 
R tan¢... [19] 


Substituting Mo, the initial value of the radius of the coil, for the 
variable value R in the small term KJ/AR?2, rearranging and in- 
tegrating between the limits of R and Ro, and ¢and ¢o 


R 2—GJ/EI cos@ 
log, >= = ee [20] 
Ro 1+ KJ/AR? cOsdo 
Equation [20] can be written in the alternative form of 
(7 2— GJ/EI 
1+ KJ/AR¢? 
R _ | cos 
Ry code |) |. ey ark nea (21] 


in 2. 
But cos? = 1 —2 sin? (¢/2) = 1— = 2 nearly, since ¢ is a small 


angle and sin(¢/2) = 
[9], H = Lsing 


sin¢/2 nearly. Since, from Equation 


coséa== i —(H2/262) nearly: ee eee (22] 


Similarly 


cosdy = 1 — (AHo?/2L?), nearly.............. (23] 


The substitution of Equations [22] and [23] in Equation [21] 


gives 
R_[,_ mH 
Roe 2L? — 


| 


Equation [24] may be simplified by expanding it, using the bi- 
nomial theorem, to read 


es [aes i ose CR PR 
Ro 1+ KJ/AR»?_| | 2L? — H,? ae 
The length of the wire L is always much greater than H or Ho, 
the height of the spring. Therefore, the fraction (H? — H,?)/ 
(2L? — H)) is very small. Hence, the series in Equation [25] 
will converge rapidly and all the terms beyond the second 
term may be neglected. Simplifying Equation [25] and re- 
arranging 


_2—GJ/EI | 
1+ KJ/ARo? 


. + . [25] 


2 — GJ/EI | be alge 


1 + KJ/AR,? Be = Ryo— CRo. [26] 


R = %— ra) 


| 


: 


where C temporarily represents the term 


ee | 2—GJ/EI || H?— He 
er are i= 


[27] 
4 
Equation [17] may be rewritten in the form 
dH = RL 1 +2 it GJ KL 28 
| fee Gy o aii ae 


iq 


) Replacing R in Equation [28] by Ro (1 — C) as given in Equation 


[26] 
=) 


: The terms in Equation [29] involving C? and C sin’¢ are so small 
compared to other terms in the equation, because C and sin*¢ 
are both small quantities, that they may be neglected. There- 


- fore 
GJ 
fe 20) ante: = = 
| cote ( at) | 


‘Replacing C in Equation [30] by its equivalent as given by 
Equation [27] and substituting H?/L? for sin*¢ from Equation 
[9], Equation [80] becomes 


dH RL 
dP GJ 


KL 
AG 
[2 


(1 — 2C + C?) E — sin’p (: 


201 
Gs 


dH — Reb 
de GT 


dH _ReL| ( 2 — GJ/EI) ( He? _ kL 
dP GJ 1+ KJ/AR?/ \2L? — He? AG 
Rel 2(2 — GJ /E1) 1 “a} he 
GJ |G + KJ/AR,?) (2L? — H?) L? 
Se CL ee ee (BL) 
where C; and ©, are constants such that 
ReL 2 — GJ/ET) He? | KL 
CG = 1 a= 
MaeGu. | ae € 35 ) e = a) PAG 
me: [32] 
c, = Rel 2(2 — GJ/EI 1— oe AS; 
> @t |G + KJ/AR.?) (2L?— He?) L? A 


The term C., which is proportional to the rate of change of the 
stiffness of the spring, is very small compared to C,, which is 
more nearly a measure of the stiffness itself. 

Rearranging Equation [31] and performing the indicated 


) division 
dH CoH? C,H? \? 
1 Ss 
| re or a Ci ) 


Csr Ce 
2 
we | dHeamearlyn erg a1: 


~[1+ C, 


Integrating Equation [34] between the limits 0 and P, and Ho 
and H, and rearranging 


C,\dP — 


G 
C,P = (H — Hy) E + a (H? + HHA, + we) |. [35] 
z 1 
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By a further approximation, Equation [385] can be written in a 
more convenient form such as 


C\P 


H—H,= C 
1 SG ep 2 
+ 36, ‘ + HH + H.?) 
C, 
a eae aga) Liens bin occ 


Substituting in Equation [36] the equivalent of the terms 
C, and (., as given by Equations [32] and [33], respectively, 


jee Enh 2PR2LH? | ee a 
GI GJ(2L? — Ho?) |1 + KJ/ARo? 
KEP _ PRL | 2(2 — GJ/ET) 
AG 3@J |(1+KJ/AR.,?) (2L?— H.?) 
i= GS/EL 
a Ee] fe ie Hoth ee [37] 


Compared to 2L?, the value of Ho? is very small. Also KJ/AR¢* 
is very small compared to unity. The substitution of 2L? for 
(2L? — Ho?) in Equation [37] would cause a small positive error 
and the substitution of unity for (1 + KJ/AR,?) would cause a 
small negative error of approximately the same magnitude, 
neither error being of importance, while the equation would be 
simplified greatly. Making these substitutions in Equation [37] 
and rearranging 


PRYL PR 2H? KLP 
Lyte 2 T/EL) — ——— 
Eee ee Ca GIL ( CY Gg 
2 eee (3 — 2GJ/EI) (H? + HH + Ho°) (38) 
3GJL 0 Oehislicisi sts: -01m te 


The initial rate of elongation may be obtained by dividing 
Equation [39] by Pand letting H approach Hy. As H approaches 
Ay 
Initial rate = (H — H)/P 


ReL RPh? KL RH? 
= E 2GJ /EI 
GI GJL ae ae AG GJL pe) 
Re&L RH? KL 
= SIN) oO Can ocos 9 
GJ GJL re aay: ee 


If Equation [39] were multiplied by P, and if the product were 
subtracted from Equation [38] 


Deviation = (H — Hv) — (P X initial rate) 
PR? 

=— 3 — 967, /ED) (2 - HHo — 2H). 3.2. - 40 
3GJL ( / El) (H? + 0 0”) [40} 


Equation [40] gives the deviation or difference between actual 
elongation and the elongation which would have occurred had 
the initial rate been maintained. This deviation is shown as D in 
Fig. 5. 

The total elongation under a load of P lb 


= (P & initial rate) + deviation.........---- 
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New Laboratory Data Relative to Embrittle- 


ment in Steam Boilers 


By F. G. STRAUB? ann T. A. BRADBURY,* URBANA, ILL. 


Results of laboratory tests show that purified sodium 
hydroxide will not produce cracking of steel test specimens 
in short-time tests, whereas technical sodium hydroxide 
made by the lime-soda process will produce cracking. 
When the impurities present in the technical sodium 
hydroxide are added to the purified caustic and then used 
in tests, the specimens crack. It appears that when silica 
is present in sufficient amounts along with the pure caustic, 
cracking will take place. However, when smaller amounts 
of silica and small amounts of calcium, magnesium, and 
aluminum are added to the pure caustic, cracking will 
also take place. These results indicate that it is appar- 
ently necessary to have one or more catalysts present in 
the sodium-hydroxide solution in order to cause cracking 
within a reasonable period of time. 


OR THE past 30 years the Engineering Experiment Station 

of the University of Illinois has been interested in the in- 

vestigation of the cause and prevention of embrittlement 
in steam boilers. During the period between 1924 and 1930, 
extensive research was conducted on this problem. In the last 
year additional work has been carried on, and the following is 
a brief summary of the results obtained. 

The steel tested was the regular flange steel referred to in Bulle- 
tin No. 216 of the Engineering Experiment Station, University 
of Illinois, and the apparatus used was that described in the 
same bulletin. The previous work has shown that the steel 
test specimens cracked when stressed in contact with a con- 
centrated solution of sodium hydroxide. In the present in- 
vestigation the steel was spring-loaded so as to have an average 
stress of 50,000 lb per sq in. in all tests, and the steam pressure 
in the bombs was held at 500 lb per sq in. gage. The composition 
of the caustic solution was varied. Samples of technical, U.S.P., 
and reagent-grade sodium hydroxide made by different manu- 
facturers, and by different processes, were tested. The amount 
of sodium hydroxide used in the solutions for the tests was a 
20 per cent solution, or 250 g perl of water. When the technical 
sodium hydroxide made by the lime-soda process was used, the 
steel specimens cracked as shown in Table 1 in the same time 
and manner as described in the work already reported.* When 


1 Reported before the Joint Research Committee on Boiler Feed- 
water Studies. The investigation reported on was conducted under a 
cooperative agreement between the Utilities Research Commission, 
Inc., Chicago, Ill., and the Engineering Experiment Station, Uni- 
versity of Illinois, Urbana, Ill. The results of the investigation are 
released by permission of both parties of the cooperative agreement. 
The Special Research Committee on Boiler Feedwater Studies is 
appointed jointly by the American Boiler Manufacturers Association, 
American Railway Engineering Association, American Water Works 
Association, Edison Electric Institute, the American Society for 
Testing Materials, and THs AMpRICAN SOCIETY OF MrEcHANICAL 
Encinners, to study methods of analysis and treatment of boiler 
feedwater for stationary and railroad practice. 

2 Special Research Assistant Professor in Chemical Engineering, 
University of Illinois. Mr. Straub was graduated from the Uni- 
versity of Illinois in 1920. After leaving the University, he was 
associated with Mellon Institute, Pittsburgh, Pa.; Semet Solvay, 
Syracuse, N. Y.; and Guggenheim Brothers Research Laboratories, 
New York, N. Y. He holds the degrees of Master of Science, and 
Metallurgical Engineer from Pennsylvania State College. He has 
been conducting special research for the Utilities Research Com- 


the reagent grade of sodium hydroxide (made by three different 
manufacturers) and the technical grade made by the electrolytic 
process were used, the specimens did not crack. Likewise, 
when U.S.P. sodium hydroxide, furnished by two different 
manufacturers, was used, no cracking occurred. In 1925 tests 
were made using U.S.P. sodium hydroxide, but cracking took 
place. This difference in behavior is considered as due to the 
presence of some impurity in the present-day technical and in 
the older U.S.P. caustic. The analyses of several technical and 
reagent grades of caustic sodas are given in Table 2. 

Tests were then run to determine the cause of this differ- 
ence in action of the various grades of sodium hydroxide. 
The difference is due apparently to one or more of the im- 
purities present in the technical caustics acting as a catalyst. 
However, it is also probable that in purifying the caustic, an 
inhibitor has been added. If the first assumption is true, it 
should be possible to add the impurities present in the technical 


TABLE 1 RESULTS OF TESTS USING VARIOUS GRADES OF 
SODIUM HYDROXIDE 
NaOH used, Process of Results of 
No. grade manufacture tests 
1 Technical Lime soda Crack 
2 Technical Lime soda Crack 
6 Technical Electrolytic No crack 
Zi Technical Electrolytic No crack 
8 Technical Electrolytic No crack 
3 Reagenti~ fees i) Beeeasee. No crack 
4 Reagent;, i Geatecre No erack 
iy Reagents) Sam 9° - sone No crack 
9 UiS3al fh ceed Chokeren No crack 
10 CESS > 2 seine No crack 
Nors: Specimen spring-loaded to 50,000 lb per sq in., and the steam 


pressure held at 500 lb per sq in. gage. There were 250 g of the sodium 
hydroxide to be tested added to 1000 g of water, and then the solution was 
placed in the test bomb. 


caustic to the purified caustic and cause the steel to crack. Tests 
were run attempting to do this. Thus carbonate, chloride, 
sulphate, silica, aluminum, calcium, magnesium, iron, man- 
ganese, and copper were added separately to the reagent-grade 
caustic No. 3, in amounts similar to their occurrence in the 
technical caustic which had caused cracking. The steel did 
not crack in any of these tests. Steel tested in between these 
tests, but using technical caustic No. 2, cracked in the regular 
manner. A sample of the technical caustic No. 2 was then 


mission, Inc., on boiler-feedwater treatment for the last eleven 
years at the University of Illinois. This has included work on 
determining the causes and methods of prevention of embrittle- 
ment in steam boilers and a study of the methods of preventing 
scale in high-pressure boilers. 

3 Graduate student in Chemistry, University of Illinois, Urbana, 
Ill. 

4‘Bmbrittlement in Boilers,’ by F. G. Straub, Engineering 
Experiment Station, Bulletin No. 216, October, 1934, University of 
Illinois, Urbana, Ill. 

Contributed by the Joint Research Committee on Boiler Feed- 
water Studies and presented at the Annual Meeting of THe AMERICAN 
Society or Mrcuanicat Enaineers, held in New York, N. Y., 
December 2 to 6, 1935. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until September 10, 1936, for publication at a later date. 
Discussion received after this date will be returned. 

Norse: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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TABLE 2 CHEMICAL COMPOSITION OF VARIOUS GRADES OF SODIUM HYDROXIDE TESTED, 
IN PER CENT 

Sample No. 1 2 3 4 5 6 7 8 

Tech. 

Grade Tech, Tech. Reagent Reagent Reagent Tech. Tech. 50 per cent 

Form Flake Powder Pellet Stick Stick Powder Flake solution 

Process of Lime- Lime- Electro- Electro- Electro- 

manufacture soda soda ee. eee lytic lytic lytic 

NaOH 98.6 96.0 95.0 98.9 96.0 94.0 98.76 50.00 

Na2COz 0.65 0.86 1 By 9 0.60 2.0 2.0 0.60 0.10 

Cl 0.23 0.60 0.010 0.007 0.005 3 0.07 0.30 

CO. 0.24 0.05 0.005 0.007 0.005 tee 0.068 0.001 

SiOz 0.20 0.28 0.020 0.015 0.020 0.02 0.02 0.005 

AlzOz 0.008 0.006 ae) een oe 0.002 0.0008 

Fe 0.001 0.0006 0.002 0.0005 0.002 0.001 0.0005 

CaO 0.006 0.023 ul Ane 0.002 0.0005 

MgO Trace OHOO2* SP 2 ae 0.004 0.001 

Mn 0.0002 OF0008 a) otis oe 0.0001 0.00005 

Cu None OFO00G!-— Sl (Gl 0.0001 0.00005 

Ni 0.0003 INOnG tae 98 cy..33.. > Bae 0.00002 0.00001 


prepared by making a 50 per cent solution of it with water, 
filtering to remove the precipitated impurities, and then making 
the test solution from the filtrate. Under these conditions 
cracking could be prevented. This appeared to indicate that 
the impurity, or impurities, causing the action may be pre- 
cipitated from a 50 per cent solution, and that the difference in 
action is due to the presence of these chemicals. 

A test was then run using reagent-grade caustic No. 3, and 
adding to it the impurities present in the technical caustic in 
equal amounts. The steel cracked. Several more tests run 
under similar conditions also cracked the steel. Additional 
tests were then run in which the chemicals present were elimi- 
nated one by one. ‘The final tests and the results obtained are 
given in Table 3. 

TABLE 3 RESULTS OF TESTS USING REAGENT AND U.S.P. 


GRADES OF SODIUM HYDROXIDE, TO WHICH VARIOUS 
CHEMICALS HAVE BEEN ADDED 


—Na0OH a myo 2s added as per cent of total NaOH— Results of 
1 


Grade No. SOg SiOz CaO MgO AlO; tests 
Reagent 3 0.055 0.24 0.12 0.022 0.002 0.006 Cracked 
Reagent 3 0.055 0.24 0.12 0.022 roe 0.006 No crack 
Reagent 3 0.055 0.24 0.12 0.022 0.002 ois No crack 
Reagent 3 0.055 0.48 0.12 ate 0.002 0.006 No crack 
Reagent 3 0.055 0.24 a 0.022 0.002 0.006 No crack 
No caustic 0.055 0.48 0.12 0.022 0.002 0.006 No crack 
Reagent 3 nee 3 0.22 ee ng i No crack 
Reagent 3 0.41 No crack 
Reagent 3 0.57 Cracked 
Reagent 4 0.22 No crack 
Reagent 4 0.41 Cracked 
Reagent 4 0.57 Cracked 
Technical 6 é ne wis Rane Bate No crack 
Technical 6 Bre c ais 0.22 ee ie aa° Cracked 
Reagent* 3 0.083 0.72 0.19 0.033 0.003 0.008 © No crack 


Nore: Specimen spring-loaded to 50,000 lb per sq in., and the steam pres- 
sure held at 500 lb per sq in. gage. There were 250 g of the sodium hy- 
droxide added to 1000 g of water, and the other chemicals added to the solu- 
tion, as noted. 

® There were 100 g of sodium hydroxide used in this test. 


The results of these tests appear to indicate that if any one 
chemical is added to the reagent-grade caustic No. 3, in amounts 
equal to that in which it occurs in the technical caustic, it will 
not cause the steel to crack. However, if the silica, calcium, 
magnesium, and aluminum are all present, the cracking takes 
place. If the silica content is increased to an amount higher 
than that in which it occurs in the technical caustic, cracking 
takes place. These results might be interpreted to indicate 
that there are one or more chemicals which, if present along with 
the sodium hydroxide in sufficient amounts, will cause the crack- 
ing. The presence of caustic appears to be necessary, and the 
otber chemicals apparently catalyze the reaction. 

If one or more of these chemicals accelerate the action of the 
caustic on the steel, the practical application of these data 
might be far-reaching. This opens up a new field of investiga- 
tion which should aid materially in finding the fundamental 
action taking place, and the reactions which prevent its occur- 
rence. 

All of these chemicals are present in natural waters in amounts 
sufficient to bring about this action in the average boiler, if 
sufficient sodium hydroxide is also present. Thus, if the sodium- 
hydroxide content of a boiler water were 100 ppm and the silica 
content 0.6 ppm, or if there were present 0.12 ppm of SiOz, 0.02 
ppm CaO, 0.002 ppm MgO, and 0.006 ppm Al,0;, the crack- 
ing could take place. These amounts of the impurities are 
present in practically all boiler waters. 

Further research is being conducted in order to obtain more 
data. In the meantime, the power-plant operators may con- 
tinue to follow the A.S.M.E. Boiler Code Committee’s recom- 
mendations with a feeling of assurance, since no available data. 
conflict with their recommendations. 


, Discussion 


Stresses in Three-Dimensional 


Pipe Bends’ 


A. BE. R. pe Joncr.2 The problem of stresses in bent pipe 
‘lines is one that has occupied the minds of some of the ablest 
engineers for a long time. It would serve no useful purpose to 
give here a historical review of this problem. To some extent, 
such a survey has already been given by W. H. Shipman.* The 
problem has proved a rather knotty one, for some errors have 
been committed in the past, and to the writer’s knowledge a 
correct solution of the general problem in space has not yet been 
given. 
-' The problem, when piping is in a single plane, is relatively 
»simple and has found various solutions, notably those by Pro- 
‘fessor Hovgaard;* A. M. Wablé and discussers; W. H. Shipman;?* 
ve. T. Mitchell;> P. E. Todd;? Messrs. 8. Crocker and A. 
/McCutchan;* Messrs. EK. T. Cope and E. A. Wert,°® and dis- 
cussers; R. H. Tingey;!° and Messrs. S. W. Spielvogel and S. 
Kameros.1! 

These solutions are not very simple, however, and, in practical 
application, require a good deal of time. Being mindful of 
Lord Kelvin’s words that ‘a problem is never solved until it 
has been reduced to its simplest terms,” a simple solution has 
been sought by the writer and was found in 1924 by using the 
ellipse of elasticity. This solution was outlined by the writer 
in his discussion!2 of the paper by Messrs. Crocker and Mc- 
Cutchan.’ A paper, as yet unpublished, explaining this solution 
has been prepared by the writer. The exposition of the solution 


1 Published as paper FSP-57-12, by William Hovgaard, in the 


October, 1935, issue of the A.S.M.E. Transactions. 


2 Babcock & Wilcox Company, New York, N. Y., and Lecturer at 


the Polytechnic Institute of Brooklyn, N. Y. Mem. A.S.M.E. 


: 


3 ‘Design of Steam Piping to Care for Expansion,’’ by W. H. 


. Shipman, Trans. A.S.M.E., vol. 51, part 1, 1929, paper FSP-51-52 
and discussion, pp. 415-446. 


4“'The Elastic Deformation of Pipe Bends,” by W. Hovgaard, 
Journal of Mathematics and Physics, Massachusetts Institute of 
Technology, vol. 6, no. 2, 1926, pp. 68-118. 

6 “Stresses and Reactions in Expansion Pipe Bends,” by A. M. 
Wahl, Trans. A.S.M.E., vol. 49-50, 1927-1928, paper FSP-50-49 
and discussion, pp. 241-262. 

6 “Graphic Method for Determining Expansion Stresses in Pipes,” 
by C. T. Mitchell, Trans. A.S.M.E., vol. 52, part 1, 1930, paper 
FSP-52-25, pp. 167-176. 

7 “Piping Handbook,” by J. H. Walker and S. Crocker, second edi- 
tion, McGraw-Hill Book Company, New York, N. Y., 1931. See 
“Grapho-Analytical Method,” by P. E. Todd, p. 521, which is 
included in a section on ‘‘Elastic Properties of Straight Pipe and 
Bends,”’ by 8S. Crocker and A. McCutchan, pp. 517-570. 

8 “Fyictional Resistance and Flexibility of Seamless Tube Fittings 
Used in Pipe Welding,’ by S. Crocker and A. McCutchan, Trans. 
A.S.M.E., vol. 53, 1931, paper FSP-53-17 and discussion, pp. 215- 


245. 


® “Toad-Deflection Relations for Large, Plain, Corrugated, and 
Creased Pipe Bends,” by E. T. Cope and E. A. Wert, Trans. A.S. 


M.E., vol. 54, 1932, paper FSP-54-12, pp. 115-159. 


10 “Stresses in Piping,’ by R. H. Tingey, Marine Engineering and 
Shipping Age, vol. 39, 1934, pp. 136-140. 

1 “Application of the Elastic-Point Theory to Piping Stress 
Calculations,” by S. W. Spielvogel and S. Kameros, Trans. A.S.M.E., 
vol. 57, 1935, paper FSP-57-10, pp. 165-168. Also discussion of this 
paper, Trans. A.S.M.E., vol. 58, February, 1936, pp. 131-134. 

12 Discussion by A. E. R. de Jonge of ‘‘Frictional Resistance and 
Flexibility of Seamless Tube Fittings Used in Pipe Welding,” by 8. 
Crocker and A. McCutchan, Trans. A.S.M.E., vol. 53, 1931, paper 
FSP-53-17, pp. 234-237. 
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is rather lengthy due to the explanation of certain methods of 
projective geometry, unfamiliar to many engineers, but the 
actual application of the method is exceedingly simple, since 
it is completely graphical, and has the advantage of offering 
several checks regarding its accuracy. 

The solution of the problem in space has been attempted by 
Messrs. Shipman,? C. T. Mitchell,¢ Messrs. Crocker and Mc- 
Cutchan,® and in the paper under discussion. Undoubtedly, 
the solution of this problem in space is far more complicated 
than one where the piping is in a single plane. 

Professor Hovgaard believes that an algebraic solution is 
justified if there are not too many bends and straight lengths. 
Otherwise, he advocates a graphical solution. What this 
graphical solution consists of and how it is to be carried out, 
Professor Hovgaard has, unfortunately, not mentioned. His 
statement, however, that algebraic methods must underlie all 
graphical solutions cannot be accepted, because, the methods of 
the elasticity-ellipse, and, in space, of the ellipsoid of elasticity 
do not require any algebraic solution. 

Professor Hovgaard does not claim that the solution he pre- 
sents is a “rigorous solution,” but only that it is a “fairly rigorous 
solution,” for he neglects what he valls the ‘‘minor local rotations”’ 
of the bends. A higher degree of accuracy, he claims, may be 
obtained by the trial-and-error process, which he indicates. A 
similar degree of accuracy is obtained by the solutions of Mitchell® 
as well as Messrs. Crocker and McCutchan,’ who, in fact, like- 
wise neglect this minor rotation. 

There exists, however, an exact, or, as Professor Hovgaard 
terms it, a rigorous solution of the problem in space by means 
of the elastic center, which was given by Th. Abel.!* In the form 
in which it was presented, it does not take bends into considera- 
tion, but it is perfectly feasible to extend it so as to include 
bends. In fact, this solution is nothing but the analytical ex- 
pression of the method of the ellipsoid of elasticity which, as 
already stated, has been used by the writer. 

When going into detail in discussing Professor Hovgaard’s 
paper, it seems that it was hardly necessary to repeat, in the 
first part, the deductions for quarter bends which were pub- 
lished as part of the writer’s discussion’ of the paper by Messrs. 
Crocker and McCutchan,’ in a far more comprehensive form. 
All Professor Hovgaard has done is to place his system of co- 
ordinate axes through the fixed end of the bend instead of through 
the center of curvature of the bend as was done by the writer. 
Professor Hovgaard’s results for the deflections and rotations 
are naturally the same because the location of the coordinate 
axes has no influence thereon, and this part of his analysis 
simply constitutes unnecessary duplication. 

The author’s description of case IV is not clear to the writer. 
The question is whether he intends to find the deflection and 
rotations at A in Fig. 5 of the paper, produced by a force F 
acting on the point A of the bend, but located at O along the 
Z-axis. In that case, one would have to assume that a rigid 
member be connected to the bend at A, extending to O, and that 
the force F is acting on this member at O (see Fig. 1 of this dis- 
cussion). If this understanding is correct, then the author’s 
deductions are correct. However, this is not what he states, 


13 ‘Beitrag zur statischen Untersuchung von riiumlichen Hoch- 
druckrohrleitungen bei Temperaturiinderungen,’”’ by Th. Abel, dis- 
sertation, Technical College of Aachen, Germany, 1933. 
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but rather what the writer assumes that he means. In that 
case, two equal and opposite forces may be applied at A and C 
as shown in Fig. 1 of this discussion, which, together with the 


+ 


Fig. 1 


original force F at O, form two moments —M, and +M,, leaving 
a free force F acting at A. 

This case, then, is nothing but a superposition of the author’s 
eases I, II, and III, and the results could have been obtained, 
without further analysis, by a simple addition of the components 
as given in Table 1 of this discussion. 


TABLE 1 
Deflection Rotation X Rotation Y 
Free force Fat A... +1.248FR3/EI +0.506FR2/EI —1.150FR2/EI 


—0.506F R*/EI 
—1.150F R3/EI 
—0.408FR3/EI 


—1.806FR2/EI 
+0.150FR2/EI 
—1.150F R2/EI 


—0.150F R2/EI 
+1.806FR2/EI 


Motalercn we «eeu +0.506FR2/EI 


However, if the author means what he says, ie., that he 
wants to find the influence of the “couple” F-OA (moment) 
only, acting at A on the quarter bend, then his deductions are 
not correct, as he would not have a free force F acting at A. 
In that case, he would obtain only two moments —M, and 
+, and by their superposition he would get the values given 
in Table 2 of this discussion. 


TABLE 2 


Deflection 
—).506F R3/ BI 
—1.150FR3/EI 
—1.656F R3/ EI 


Rotation X Rotation Y 
—1.806FR2*/EI —0.150FR2/EI 
+0.150FR?/EI +1.806FR2/EI 
—1.656FR2/EI +1.656FR2/EI 


Moment —Mz 
Moment + My...... 
WT Otel. sees tt 

From the author’s results, it is inferred that he meant the former 
case, although, at the bottom of page 405, he definitely states: 
“The effect of the two varying moments is the same as that of a 
force N acting in the Z-direction at B, ....’’ as shown in Fig. 7 
of the paper. To call this case IV a ‘‘fictitious’” one, is in- 
correct, however, for it is a very real case if it is explained by 
the so-called “rigid-bracket theory.’’ The analytical deduction 
for case IV was, therefore, superfluous, as the case is nothing 
but a superposition of cases I, II, and III. Professor Hovgaard 
could have obtained these results with much less effort by using 
either the writer’s formulas or Professor Timoshenko’s formulas 
as given in the closure’ to the discussion of the paper’ by Crocker 
and McCutchan. 

Little need be said about the remainder of the analysis. As 
is common in the analysis of structures, Professor Hovgaard has 
neglected the influences of the normal and the shear forces on 
the deformations. But even when neglecting these, the analysis 
is, of necessity, a lengthy and complex one, due to the many 
terms which have to be considered. A little simplification in 


14 Authors’ closure to discussion of ‘‘Frictional Resistance and 
Flexibility of Seamless Tube Fittings Used in Pipe Welding,” by 
8S. Crocker and A. McCutchan, Trans. A.S.M.E., vol. 53, 1931, 
paper FSP-53-17, pp. 243-245. 
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determining the deflections could have been introduced by 
using the deflection radii of the bends given in the writer’s 
discussion!? of the paper by Messrs. Crocker and McCutchan.* 

The minor rotations in the formulas for the rotations, which, 
by the way, amount to about 8.3 per cent for cases II and III, 
is necessarily neglected because otherwise the formulas become 
so complex that their solution becomes impracticable, if not 
altogether impossible. Professor Hovgaard has tried to overcome 
this difficulty by substituting the results, obtained by this 
simplified analysis, into the formulas for the minor rotations 
and then correcting the main formulas by the values obtained 
for these minor rotations. Keeping in mind the great simpli- 
fication in the algebraic setup obtained by this procedure, it 
must be admitted that this is a permissible simplification which 
will give fairly accurate results, although they are not absolutely 
correct. 

A little greater clarity in the arrangement would undoubtedly 
have been greatly helpful to the reader. 

After Professor Hovgaard has determined the reactions at the 
ends of the pipe line, it is an easy matter to calculate the stresses 
at any point. His statement that the maximum stresses will 
occur at the ends of the pipe line and at the bends is perfectly 
correct, and nothing needs be added regarding their calculation. 
The factor 8 was already introduced by Professor Hovgaard in 
one of his former papers and therefore does not need to be 
discussed again at this time. The calculation of the total 
stresses in the bends appears to be correct. 

A very appropriate discussion by Professor Hovgaard is that 
on “Strength Criteria and Working Stresses,” particularly in 
view of the high pressures which have been used recently, in 
some cases, even beyond 1700 lb per sq in. The three-dimen- 
sional nature of the stress problem should not be lost sight of 
and the remarks and discussion by Professor Hovgaard of this 
three-dimensional problem can only be welcomed by the pro- 
fession as very timely. 

Some explanations should have been given by the author as 
to the reasons for selecting the maximum shear and the strain- 
energy theories in preference to any other theory of failure. In 
this respect, attention should be called to the very interesting 
paper by J. Marin,'* in which the various theories of failure 
are compared with one another. Since none of the failure 
theories published so far agrees well with the actual results 
obtained by tests, it should be kept in mind that the statement 
as to when plastic flow will occur under three-dimensional 
stresses must be considered very carefully, and it seems important 
to call attention to this fact. 

As to working stresses, the author states that these should 
not be greater than about one half the stress at the yield point. 
Whether this advice can always be followed if the effect of all 
the applied stresses and of stress concentrations is taken into 
consideration is doubtful. However, this method was followed 
in designing the penstocks at Boulder Dam and necessitated a 
number of special constructions.17_ With regard to the other 
remarks by the author, it must be conceded that it is good en- 
gineering practice to use the equivalent stress as a strength cri- 
terion, although the high stresses which occur in the bends are 
a somewhat localized phenomenon. <A point which Professor 
Hovgaard has not considered is the question of creep at high 
pressures and high temperatures, for creep is a helpful phenome- 


1% “Tests on High-Pressure Pipe Bends,’ by William Hovgaard, 
Journal of Mathematics and Physics, vol. 8, no. 4, 1929, pp. 293-344, 
Massachusetts Institute of Technology. 

16 “Failure Theories of Materials Subjected to Combined Stresses,”’ 
by J. Marin, Proceedings of the American Society of Civil Engineers, 
vol. 61, no. 6, August, 1935, pp. 851-867. 

1 “‘Penstocks for Boulder Dam,’’ by C. M. Day and Peter Bier, 
Mechanical Engineering, vol. 56, August, 1934, pp. 451-465. 
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line in space. 


author. 
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“takes, by the average pipe designer. 


DISCUSSION 


non which Jowers the maximum stresses that occur in the pipe line. 

The author further mentions the decrease of the modulus of 
elasticity at high temperatures. Some recent experimental 
\data indicate, however, that this decrease is not quite as great 
‘as it is usually assumed.}8 

It is very interesting to see, from the numerical example 
presented by the author, what great amount of numerical calcu- 
lation is actually necessary to obtain the stresses in a pipe 
However, it must be kept in mind that the 
‘numerical calculation presented is only part of the actual cal- 
culations required, as certain parts have been omitted by the 
While the profession must thank Professor Hoy- 
gaard for having undertaken the arduous task of tracing the 
various influences which determine the stresses in pipe lines not 
lying in one plane only, it cannot be said that the method pre- 
sented is simple and could be easily carried out, without mis- 
In this respect, it seems 


well worth while to extend to pipe lines with bends the simplifica- 
tions introduced by Abel#3 in using the elastic center. 


) 


SaBiIn CrockeR!® anp G. A. HENprRicKson.2° The author has 


- given a complete solution for the three-dimensional pipe line 


; 


in space using algebra and calculus unsupported by graphical 
jaids. In the following discussion the writers present a com- 
parison of this solution with others already in use, thus aiming 
to demonstrate their relative practicability. 

As a preliminary to this comparison a brief résumé of previous 
development will help to fix the elements of the problem firmly 
in mind. In the first papers presented on this subject the aim 
of the authors was to derive for piping in one plane a rational 
solution which would yield satisfactorily accurate results as 
demonstrated by actual tests of pipe bends with their ends 
fixed so as to simulate conditions in a real pipe line. After 
sufficiently authoritative methods were perfected for dealing 
with simple pipe lines, several investigators directed their 
attention toward solving problems involving pipe lines in space. 
Since the amount of computation required in the solution of a 
three-dimensional problem from basic principles involving the 
use of algebra and the calculus was found extremely tedious 
and the results unreliable due to the likelihood of numerical 
error in so vast an array of figures, several investigators turned 
their attention to (a) area-moment diagrams;7® (6) graphical 
solutions;®?!22 and (c) the application, in cases where they 
fitted, of data read from graphs and tables prepared for certain 
predetermined shapes.?*:74,5 


18 “‘Die finfjihrigen Betriebsergebnisse des 120 at—Kraftwerks 
,der Ilse Bergbau A.-G.” (‘‘The Results of Five Years of Operation 
of the 1707 Lb per Sq In. Power Station at the Ilse Mine’’), by O. 
Schone, Zeit. V.D.I., vol. 79, no. 23, June 8, 1935, pp. 707-717, in 
particular p. 713. 

19 Engineer, Engineering Division, The Detroit Edison Company, 
Detroit, Mich. Mem. A.S.M.E. 

20 Engineer, Engineering Division, The Detroit Edison Company, 
Detroit, Mich. Mem. A.S.M.E. 

21 The Flexibility of Plain Pipes,” by J. R. Finniecome, Metro- 
politan-Vickers Gazette, vol. 10, 1928, p. 305, p. 327, p. 355, p. 377, 
and p. 397. Also, Engineer, vol. 146, 1928, pp. 162-165, pp. 199-200, 
pp. 218-219, and pp. 246-248. 

22"The Graphical Determination of Expansion Thrusts and 
Stresses in Steam Pipes,”’ by E. B. Cocks, Institution of Civil Engi- 
neers Selected Engineering Paper No. 133, 1932. 

23 **The Design of Piping for Flexibility by the Use of Graphs,” 
by E. A. Wert, S. Smith, and E. T. Cope, presented at the Semi- 
Annual Meeting of Tam AmerIcANn SocirTy of MEcHANICAL ENGI- 
NeEERS, held in Chicago, Ill., June 26 to 30, 1933. 

24‘*4 Manual for the Design of Piping for Flexibility by the Use 
of Graphs,” by E. A. Wert, S. Smith, and E. T. Cope, The De- 
troit Edison Company, Detroit, Mich., 1934. 

2% ‘Pittsburgh Piping Design Manual,” by E. A. Wert and S. 
Smith, Pittsburgh Piping and Equipment Company, Pittsburgh, 
Pa., September, 1935. 
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Despite the amount of attention given to the subject, the 
solution of pipe lines in space from basic principles still remains 
a task which must be reserved for those highly skilled in such 
computations. In the case of those shapes, however, which 
are susceptible to solution by graphical methods and where a 
square-corner approximation is deemed sufficiently accurate 
for the purpose, the time required for solution can be reduced 
to a matter of minutes rather than hours for even a three- 
dimensional problem. It is the aim of this discussion to define 
in so far as practicable the present usability of these various 
methods. 


CoMPARISON oF Proressor HoveaarD’s MerHop Wits OrHers 


At this stage appears Professor Hovgaard’s paper in which 
he expresses a preference for the algebraic and calculus method 
when the pipe line does not contain too many radius bends. 
Although his solution is undoubtedly as accurate as any, it is 
handicapped both by the necessary integration, requiring a 
knowledge of the calculus while other methods may be solved 
by ordinary algebra, and by the large amount of arithmetical 
work required when the line makes several radius bends, which 
is true in many actual problems. 

Granting of course that further simplification will undoubtedly 
come in due time, each piping designer is confronted meanwhile 
with the necessity of choosing which method to adopt for his 
own use in solving flexibility problems. Being more or less 
familiar with several variations of the methods previously 
mentioned and wishing to determine which gave the easiest 
solution for a three-plane problem, such as that chosen for demon- 
stration by Professor Hovgaard, the writers undertook to solve 
his sample problem by several methods in order to compare the 
results and the time required to obtain them. 

Three of the methods considered in the comparison with 
Professor Hovgaard’s solution have been selected for presentation 
bere. These are (1) the graphoanalytical method,”’ because 
of its practicability and flexibility for working generalized 
problems; (2) the solution by graphs and tables,?*45 because 
of its simplicity and quick application to certain specialized 
shapes; and (3) the elastic-point method, because it offers 
promise for future development. The latter method is an 
extension to three dimensions of the method presented by 
Spielvogel and Kameros.1! In Table 3 of this discussion the 
reaction forces as computed by these methods are compared 
with Professor Hovgaard’s solution of his sample problem. 
Since the application of the elastic-point theory to three di- 
mensions is at present in a very undeveloped state, time does 
not permit an extensive demonstration of its merits. The 
writers are content, therefore, to present only an approximate 
solution by this method. Three variations of the grapho- 
analytical method are presented, however, since much of the 
work in each of these solutions is common to all and the method 
is extremely flexible in its application. All three grapho- 
analytical solutions given in Table 3 of this discussion were 
made from one setup of the problem using the area-moment 
diagrams to aid in visualizing which minor rotations should be 
neglected in each case. The principal characteristics of all of 
these methods are discussed in the following paragraphs. 

Graphoanalytical Method. The graphoanalytical method 
possesses several definite advantages over other generalized 
methods, among which are: (1) The numerous checks available 
on the accuracy of the work during the process of computation; 
(2) the existence of a graphical picture to accompany each step 
in the preparation of the reaction equations; (3) the greater 
ease of solution, especially by beginners; (4) the accuracy at- 
tainable in cases when accuracy is required; (5) the ability 
to extend its use to pipe bends following curves other than arcs 


394 


of circles, for which equations are not readily available; and (6) 
the area-moment diagrams also serve to show the best positions 
for joints with a view to avoiding high bending moments and the 
consequent high stresses in bolts and gaskets. All of these are 
interrelated and depend in some measure on the use of area- 
moment diagrams. 

When these diagrams are constructed and the areas checked 
there is little chance of numerical error to that point. Since 
the reaction equations are then written directly from these 
diagrams and the various terms checked off one at a time, the 
probability of omission is negligible. A further check is afforded 
in that, when the displacements from all major rotations have 
been included, the coefficient of Q in the x-displacement equation 
should be equal numerically to the coefficient of P in the y- 
displacement equation. A corresponding relation exists be- 
tween the other two pairs of coefficients not on the major dia- 
gonal. Thus in Equations [37] of the author’s paper, before 
the effect of minor rotations has been included, a2’ = ;', a3’ = 
yi’, and 83’ = y2'. This is a valuable check on the arithmetical 
work (or may be used to reduce the amount of arithmetical 
work required), and does not exist when the forces are applied 
as in the author’s method. At the conclusion of the computation 
to this point it is only necessary to add the displacements caused 
by minor rotations and the reaction equations are complete, 
with all coefficients checked except those on the major diagonal. 

The ease with which new workers may be trained is important 
enough to deserve special comment. The absence of any need 
for a knowledge of calculus in the graphoanalytical method 
greatly increases the number of designers who may undertake 
to make a computation of this kind. Moreover, a graphical 
picture enables any designer, and particularly a novice, to orient 
himself more quickly at any stage of the work. It follows that 
the novice can depend on his own resources with much less 
instruction than when the graphical representation does not 
exist. 

In regard to the accuracy attainable, the graphoanalytical 
method is second to none since the displacements caused by 
minor rotations as described in the present paper can readily 
be incorporated in the solution if desired. The same results 
are thus obtainable as in any other unabridged method including 
that of Professor Hovgaard. When extreme accuracy is not 
required, however, a simplified solution by the graphoanalytical 
method is more readily used and gives satisfactory results. 

The foregoing considerations have been presented in some 
detail as a comparison of two generalized methods. The elastic- 
point theory and a method using graphs of precalculated results 
should also be considered. 

Elastic-Point Methed. While the elastic-point method affords 
a generalized solution it is not as yet sufficiently developed for 
convenient use in three-dimensional problems. In its present 
state, this theory is useful chiefly in making extensions to other 
working methods. For example, it could be used to determine 
constants for use in the graphoanalytical method where the 
various straight elements of the line do not all lie in three mu- 
tually perpendicular directions. The method can be used for 
the detailed calculation of a generalized three-dimensional prob- 
lem, but the labor involved with the present state of develop- 
ment is tremendous. It has possibilities, however, for the event- 
ual evolution of a simplified solution. ven now some special 
cases yield to simple treatment by this method. 

In cases, for example, where the line is made up of straight 
elements in three mutually perpendicular directions joined by 
square corners, the elastic-point method gives a rapid and simple 
solution. Although this condition exists in few real pipe lines, 
it is approximated in many. The difference between the flexi- 
bility of a radius bend and that of a square corner required to 
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replace it is usually small relative to the total flexibility of the 
line. The accuracy of this assumption increases as the ratio of 
the developed length of all radius bends to the developed length 
of the line decreases; a condition usually fulfilled in turbine 
leads and the like. It follows that in such eases the square- 
corner approximation is sufficiently accurate for design purposes. 
This point is illustrated by solution 5 in Table 3 of this discus- 
sion, where fair agreement may be noted with the value of 
reaction forces computed by other methods, although the sample 
problem under consideration is a short line with almost one 
fourth of its total length in the radius bends. The square- 
corner approximation is readily made by the elastic-point 
theory. 

All methods, however, are relatively simple when applied to 
the square-corner approximation, and no method has any 
particular advantage over other methods in this case. The 
principal value of the elastic-point theory lies in the possibility 
of developing a simplified solution when applied to the exact 
contour of the pipe line. 

Solution by Ready-Made Graphs and Charts. Solution 6 in 
Table 3 of this discussion illustrates the ready-made type of 
solution, where results were precalculated by the graphoana- 
lytical method and then plotted for a wide range of geometrically 
similar problems. As in solution 5, the square-corner approxi- 
mation was used. The values given are taken from the data of 
Wert and Smith?> as given on pages 48 to 52, inclusive, of the 
“Pittsburgh Piping Design Manual.” As previously mentioned, 
this method has the advantage in that complete results are ob- 
tained in a few minutes as against a matter of hours by any of the 
generalized methods discussed here. There are, however, four 
definite limitations which should be mentioned: (1) Since only 
predetermined geometrical shapes can be treated, the computer 
must resort to generalized methods for shapes not covered in his 
particular manual unless he is content to guess at the results from 
consideration of a shape which looks something like the one in 
hand. (2) For the smal] number of special shapes considered 
it is usually necessary to resort to square-corner approximations 
for all radius bends. (3) Due to the restricted size of the graphs 
or tables in which the data must be presented, accuracy in 
reading off figures is limited and interpolation difficult to the 
extent that more than two significant digits in the results can 
seldom be obtained. (4) Since this method was devised prima- 
rily to account for thermal expansion of the line itself, it is not 
directly applicable to cases with externally applied movement 
at an anchor point such as a turbine flange. 

The magnitude of the error introduced through the last- 
named restriction depends on the ratio of internal and external 
expansive movements. Where the external movement is rela- 
tively small its effect can be approximated by combining the 
externa] movements with the corresponding internal movements 
in the same directions. Where the external movement is rela- 
tively large it is best to employ one of the generalized methods 
capable of dealing with such conditions. In actual piping de- 
sign, appreciable external movements exist in relatively few 
cases. 

Notwithstanding these limitations, there are many problems 
to which graphs and tables of this type are applicable and where 
their use saves time, particularly in the design of a large piping 
system. The sponsors of ‘Design by the Use of Graphs’’ con-~ 
tend that over 90 per cent of the problems encountered in actual 
design can be solved or approximated with satisfactory accuracy 
by their method. 

Variance in Results of Small Consequence. The discussion 
so far has dealt only with a comparison of different methods of 
obtaining computed values of the reactions and the relative 
ease of application. The results themselves show some variance 
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TABLE 3 COMPARISON OF METHODS FOR DETERMINING 
THE REACTIONS OF THE THREE-DIMENSIONAL PIPE 
STRUCTURE OF HOVGAARD’S SAMPLE PROBLEM 


-——Reaction forces— 


‘ Method No. N Resultant? 
} Graphoanalytical: 
Oxiginald. sts. iki ow: 1 1714 1784 639 2555 
Modi fede. . acti. 5 64k cone 2 1716 1760 642 2541 
Unabridgeday ns, 6 i. OS 1768 1850 629 2635 
ov Paar eg saci. ec ey 4 1729 1916 640 2659 
PITASTICH DOIG /.m0 ccs Set yo 5 1941 2062 699 2917 
Wert and Smithg.......... 6 1840 1820 625 2620 


) a Resultant = V¥(P2? + Q? + N%) = 
Reacting moments not shown. 

b Graphoanalytical solution as outlined by Messrs. Walker and Crocker? 
and Messrs. Crocker and McCutchan’ in which minor rotations due to 
constant moments are neglected. Minor rotations from forces or variable 
moments are accounted for. 

e Graphoanalytical solution extended to include the effect of all minor 
rotations in the displacement equations. Minor rotations produced by all 
constant moments are neglected in the moment equations. 

@ Unabridged graphoanalytical solution accounting for all rotations and 

| displacements. 

e Solution given in the author’s paper. This differs from solution 2¢ 
in that the author has included some of the minor rotations produced by 
constant moments in his moment equations. 

f Approximate solution with radius bends replaced by square corners. 
All methods should give the same values for this condition. 

g Values read from graphs by Wert and Smith,» neglecting movements 
of anchor point. 


reacting force at anchor points 


between different solutions, which is of small consequence in 
view of the usual discrepancies to be expected between computed 


_and test results, or those resulting from variations in pipe ma- 


) terial or dimensions obtaining commercially. Since in practice 
sufficient margin should be allowed for such variations, any of 
the solutions listed in Table 3 of this discussion usually would 
be considered a satisfactory basis for design. From this con- 
sideration alone the choice of method would be made wholly 
on convenience. A choice between the different methods, 
however, is not always made on the relative ease of application, 
but may sometimes depend on the accuracy requirements of the 
case in hand as well. In connections to a machine sensitive to 
thrusts, for example, it may be necessary to know very ac- 
curately the reaction of a short, rigid pipe connection. For 
this reason the unabridged or No. 3 solution given in Table 3 of 
this discussion was introduced to compare its accuracy with 
that of the simplified approximate solutions. Reference to 
Table 3 of this discussion tends to show that an unabridged 
calculation is unnecessary unless there is a considerable pre- 
ponderance of curved pipe. 

Relative Time Required for Solution. Some discussion of the 
relative amounts of time required for a solution by the different 
basic methods may be of interest. Since up to the present time 
the elastic-point theory has not been developed to a point 
where it can be conveniently used to solve problems in space 
involving the use of curved pipe except by the square-corner 
approximation, it has been omitted from this comparison. The 
amounts of arithmetical work required to obtain the equations 
of motion are almost identical by the author’s method and by 
the graphoanalytical method. There are, however, two con- 
siderations other than the arithmetic of obtaining the original 
equations which are decidedly favorable to the graphoanalytical 
method. Most important is the lesser amount of preliminary 
work required before computation begins, and of secondary 
importance is the form in which the equations are obtained. 
It is estimated from experience with the author’s sample problem 
that, for a worker equally competent to use both methods, a 
solution by the author’s method requires at least one third to 
one half more time than by the graphoanalytical method. 

A solution by the use of tables and graphs, as previously men- 
tioned, is much shorter than any other method and should be 
used where the requirements of the problem permit. 


CoNCLUSIONS 


As a result of these comparisons, and others of less significance 
not included here, the writers contend that the graphoanalytical 
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method is as yet unsurpassed as a working tool for the solution 
of pipe lines in space, except for those shapes susceptible to 
solution through the use of graphs and tables. Its practica- 
bility, relative simplicity, and accuracy are readily demon- 
strated. At the same time this method, although to a lesser 
degree than that offered in the present paper, is susceptible to 
criticism on the ground of requiring more time and skill for 
solution than seems warranted. 

In conclusion the writers wish to pay tribute to the untiring 
efforts of Professor Hovgaard extending over the long period of 
years during which he has endeavored to increase the knowledge 
available to engineers concerning the behavior of piping subject 
to thermal expansion. In the present paper, in addition to 
presenting a rigorous mathematical solution for a three-di- 
mensional pipe line in space, he has indicated several refinements 
whereby the displacements from minor rotations can be taken 
into account in other methods as well as his own. The mathe- 
matical method he has adopted for his solution of the three- 
dimensional pipe line in space impresses the writers, however, as 
being more tedious than some of the other types of solution 
available. Without desiring to detract in the least from Pro- 
fessor Hovgaard’s paper the writers wish to point out that what 
is badly needed at this time is a less laborious way of determining 
the flexibility of a pipe line in space than any of the generalized 
solutions so far offered. Such a method is afforded for certain 
predetermined shapes by the ready-made solution using graphs 
and charts as presented by Messrs. Wert and Smith.”> It is to 
be hoped that eventually some short and reliable generalized 
method will be forthcoming as a result of the interest fostered 
in the subject by the Society. 


H. E. Mayrosn.?* It has been known for some time that the 
author’s Equations [8] to [17], inclusive, do not give the correct 
value for deflections and rotations of quarter bends under the 
action of forces or couples normal to their plane. Several at- 
tempts have been made to check them experimentally in order 
to obtain a factor for correcting the disagreement between the 
results obtained by use of the equations and by experiment. 

The writer became interested in the problem at the instigation 
of Professor Timoshenko whose general solution of the problem 
was published in the appendix to the authors’ closure!* to the 
discussion of a paper by Messrs. Crocker and McCutchan.* The 
discussion of this paper? brought out the fact that these equa- 
tions do not give correct results and the comments of the dis- 
cussers of that paper? made the problem one of considerable 
interest. At the suggestion of Professor Timoshenko the writer 
began a series of tests in an attempt to determine the exact 
variation of the deflections as obtained by the equations and as 
obtained in actual practice. In presenting a partial description 
of these tests and the results obtained, the writer suggests that 
a correction factor similar to 


K = (48h?R2 + 10r4)/(48h2R? +4 r4) 


which is applied to equations for two-dimensional pipe bends 
may be required for three-dimensional problems before the 
solution is complete. In this equation h is the wall thickness of 
the pipe, & is the mean radius of the pipe bend, and r is the mean 
radius of the pipe. 

A careful study of this problem disclosed that many diffi- 
culties were to be found in applying the loads and moments to 
the specimens and in measuring the deflections with an ac- 
curacy that would be of any value after the results were obtained. 
In their study of pipe bends Bantlin, Hovgaard, Cope, Wert, 


2° Professor of Engineering Mechanics, University of Detroit, 


Detroit, Mich. Mem. A.S.M.E. 
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and others used large-size specimens of pipe and applied large 
loads. The prevailing opinion at the time seems to be summed 
up by Professor Bantlin in his discussion of a paper by W. H. 
Shipman in which he states: “Such tests should be carried out 
only on pipe bends and piping of such dimensions and shapes as 
are actually used in commercial engineering which means that 
none of these tests should be made on models.” However, 
other investigators, namely, W. H. Shipman, A. M. Wahl, 
A. E. R. de Jonge, and others have used various-size models 
with various degrees of complication in their methods of loading 
and measurement of deflections and rotations. 


Fic. 2 Setup ror Benpine Tests oF TUBES 

One of the difficulties has been the ‘‘fixing” of one end of a 
quarter bend so that it could definitely be said to be fixed. In 
the large-size samples especially, there has always been some 
doubt concerning the fixed end of the specimen. After con- 
siderable study, and after careful consideration of the previous 
work done on this problem and on the two-dimensional problem, 
the writer decided to use fairly small tubes and to use 180-deg 
bends instead of quarter bends. If a 180-deg bend were loaded 
symmetrically it would give the effect of two quarter bends with 
no doubt about the fixed end and double deflections for the loads 
which might be applied. 

The method of loading was determined by a study of the deri- 
vation of the formulas. It was seen that in this derivation the 
law of superposition was assumed to operate. If this were true 
there could be no objection to combining two or more of the 
cases under discussion in a single test, and again increasing the 
deflection to be obtained by the applied loads. Further study 
showed that the case of a quarter bend fixed at one end and loaded 
with a force normal to its plane at the free end (case I), and the 
case of a quarter bend fixed at one end and subjected to a twist- 
ing moment M, at the free end (case IT) could be combined in 
a single test without much difficulty. 

For the first series of tests a number of samples of seamless 
tubes with an outside diameter of 1 in. with varying wall thick- 
nesses were selected. The thickness of the walls of the samples 
were 0.025, 0.049, 0.095, and °/3. in. These thicknesses were 
selected with the hope that in the results some relation between 
wall thickness and variation between results as obtained by 
formulas and as obtained experimentally would show up. These 
tubes were tested in pure bending for the value of EJ to be used 
in theoretical calculations and then bent into 180-deg bends 
with radius of bend equal to five diameters of the tube. Here, 
as in Professor Hovgaard’s paper, it was assumed that if the 
bend were made with a radius of curvature equal to at least five 
times the diameter of the pipe, it would be unnecessary to take 
account of the fact that the neutral axis of the bend does not 
go exactly through the centroid of the section. 

No particular effort was made to have the bends made more 
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accurate than usual commercial practice called for, or to avoid 
wrinkles on the inside of the bend with more than ordinary 
care. It can be said therefore, that except for the size of the 
tubes, commercial practice was followed in obtaining the samples. 

Before bending, each tube was tested in pure bending to de- 
termine the value for ZI so that the results of the theoretical 
formulas could be compared with the results of the experiments 
without the necessity of assuming values of # or of computing 
values of J. Fig. 2 of this discussion shows the setup for this 
test, using deadweights for loads and dial indicators to measure 
deflection midway between supports. The dials are mounted 
on a bar supported on the specimen directly over the supports. 


Clamping 
Bolt 


7o the 
Active Load 


ARRANGEMENT OF CLAMPING AND LoapIne 180-Dre PIPE 
Brenvs Durine TEsts 


Fie. 3 


Frxed 


Clamping 
Bo/t 


To Moving 
Load 


Fic. 4 Test Setur Ustne Onn Dian Gace To MEASURE THE 
DEFLECTION OF A 180-DeG Prien BEND 


ac 
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Clamps were made to hold the bends and for holding the dial 
indicators which were used to measure the deflections and to 
apply the load. The clamps were fitted to the bends and then 

‘Mixed in place by taper pins reamed in place after the clamps 
were tightened to the bends. This is believed to have avoided 
all slipping of the clamps on the bends. Figs. 3 and 4 of this 
discussion illustrate the method of testing the bends. 

As shown in Fig. 3 of this discussion, it was thought necessary 
during the first series of tests to use two indicators to register 

the deflection of the bend. It can be seen that the method of 

loading produces a clockwise torque at the right-hand end of the 
bend and also an upward shearing force. Since the upward 
force was stationary it was expected that there would be no 
movement shown on the right-hand dial gage. However, as 

| the test proceeded there was a reading on this gage due to the 

rotation of the entire specimen with reference to the block above 

the specimen. Comparison of the readings on the two gages 

corrected for this rotation and gave a true deflection between 
the ends of the 180-deg bend. 

, It was noticed during the test that the ends of the bend rotated 
through equal angles, and it was discovered that edges of the 
clamps remained parallel at all times. Study of this property 
of the setup led to the belief that one dial would be sufficient 
‘if mounted on one clamp and applied to the edge of the other, 
both the mounting and the point of application being not too 
far from the ends of the pipe bend, so that bending of the clamps 
themse]ves would enter into the deflection. 

Fig. 4 of this discussion shows this revised setup, the sim- 
plicity of which made the reading of deflections much easier 
and more accurate, as only one gage had to be read. The readings 
taken with this new setup checked the readings taken with the 
two dials very closely. 

In all the tests the loads were smaJl so that the elastic limit 
of the material was not exceeded. This was checked by care- 
fully removing the loads and reading the deflections by incre- 
ments as the loads were removed. In all cases the deflections 
returned to the initial readings when the load was removed. 

Repeated tests verified the results which are summarized in 
Table 4 of this discussion. 


TABLE 4 SUMMARY OF TEST DATA: DEFLECTIONS 
Tube Tube wall Experimental Theoretical : 
diam, thickness, deflection, deflection, Experimental 
in. in. in. in. Theoretical 
1.0 0.025 0.02325 0.0150 1.550 
1.0 0.049 0.02700 0.0224 1.205 
1.0 0.095 0.01750 0.0128 1.367 
150 5/32 0.02800 0.0184 1.520 
0.5 0.022 0.01150 0.0101 1.140 
\ 0.5 0.049 0.01150 0.0098 1.173 
0.5 0.065 0.01020 0.0084 1.214 
0.5 0.095 0.00790 0.0068 1.162 
0.5 0.120 0.00730 0.0062 1.178 


After testing the l-in. tubes and finding the variation from 
theory to be as summarized in Table 4 of this discussion, it was 
decided to conduct tests with a variety of 0.5-in. tubes. The 
smaller tubes were used because it was possible to get better 
bends and to give the straight parts the same heat-treatment 
that the bends received. Sample tubes were purchased from 
commercial stock and cut into two parts. One part was bent 
into a 180-deg bend and the other part was left straight for testing 
for EI. 

The results of the tests showed that the theoretical formulas 
do not give the true value of the deflection in the case of pipe 
bends. 

The 1-in. tubes showed a wide variation in the results of the 
tests. This was due probably to the fact that it was impossible 
to test them all under the same uniform conditions that were 
used in the case of the 0.5-in. tubes. The fact that the 0.5-in. 
tubes were tested under exactly the same conditions, and that the 
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part tested for HJ had exactly the same heat-treatment that 
was given the bends, may have had something to do with the 
consistent results obtained with the 0.5-in. tubes. 

This account of the writer’s tests is submitted with the hope 
that they will be of help in the solution of this problem, and that 
suggestions of different methods of attack will come before 
further work is done along this line. 


D. B. Wessrrom.2’ The writer has heard it implied that an 
attempt should be made (1) to evaluate the effect of creep in 
pipe bends at high temperatures by studying the conditions 
which will produce creep, and (2) to calculate the amount of 
plastic flow. This prompts the writer to suggest that the 
conditions in a system of pipe bends in actual service should be 
reviewed carefully before deciding on a method of analyzing 
the problem mathematically. 

In many engineering problems concerning mechanical struc- 
tures at high temperatures it is important to determine the 
manner in which creep takes place and to compute the resulting 
changes in dimensions. This is true particularly where the 
plastic flow is cumulative and progresses to a dangerous extent, 
as in the circumferential fibers of a cylinder under internal pres- 
sure. In the case of a pipe bend, however, the writer does not 
believe it is necessary to make any creep calculations, but that 
it is necessary only to determine whether or not any creep 
oceurs. In considering the transverse bending stress in a bend, 
it would appear that creep is to be avoided in order to guard 
against progressive flattening of the pipe cross section, resulting 
finally in complete collapse. This point could not be reached, 
however, unless the forces and couples acting on the system were 
maintained. This brings us to a consideration of the longi- 
tudinal stresses in the pipe. 

Suppose that a pipe-bend system were improperly designed 
in the sense that creep occurred as the system was brought up 
to service temperature, resulting in plastic deformation of the 
longitudinal fibers due mainly to bending. The amount of 
such deformation is of Jess practical importance than the fact 
that the system thus tends to stress-relieve itself, that is, the 
forces and couples acting upon it are reduced to a point where no 
further yielding can take place. 

Under these conditions a method of calculating the stresses in 
the system would be of little practical value if it were not for 
the fact that what happens when the system is shut down then 
becomes of first-rate importance. The system having stress- 
relieved itself, the tendency to contract on cooling sets up the 
original forces and couples in the reverse sense. These are built 
up to their maximum when the system has reached atmospheric 
temperature and cannot relieve themselves unless the yield point 
is exceeded, and only to that extent. 

In a pipe system improperly designed in the sense described 
by the writer, the situation is aggravated when cold springing 
during installation is employed to cut in two the amount of 
expansion for which provision must be made. If in such a case 
complete stress relief occurs at service temperature, a shut- 
down will require the system to absorb twice as much change in 
overall length at atmospheric temperature as it was thought 
capable of absorbing at service temperature. 

The foregoing considerations may help in explaining why 
difficulties are encountered at times with certain piping installa- 
tions, such as leakage at pipe joints, failure of expansion joints, 
overstraining of pipe anchors, and distortion of turbine casings. 
They may also indicate why these difficulties often manifest 
themselves when the system is again placed in service, as the 
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stresses due to pressure may be imposed while the system is still 
relatively cold and therefore may be added to the high contrac- 
tion stresses already present. 

Therefore, whether or not creep is a factor in any specific 
pipe-bend problem, the writer believes that a method of figuring 
the stresses under elastic conditions is of prime importance and 
that Professor Hovgaard’s paper is a valuable contribution to 
the subject. 

In these remarks an attempt has been made to set forth certain 
thoughts in regard to the actual conditions in pipe-bend systems 
which are believed to be generally overlooked and which will 
illustrate the writer’s previous statement that before deciding 
on the method to be used in a mathematical analysis of a 
practical pipe-bend problem, all the factors and conditions 
actually present should be reviewed carefully. 


C. W. MacGrecor.?® In this paper Professor Hovgaard has 
made a noteworthy contribution to the subject of three-di- 
mensional pipe bends. In connection with the determination 
of stresses in the pipe bends, the author makes use of two 
theories of strength, namely, the maximum-shear theory and 
the theory of the constant energy of distortion, the latter 
one of which is designated in the paper as the ‘‘strain- 
energy” theory. The writer feels that if the term ‘constant 
energy of distortion” is applied to this condition of yielding 
there is less likelihood of confusing this theory with the total 
strain-energy theory originated by Beltrami and Haigh and which 
includes the energy due to volume change. The theory origi- 
nated by these two investigators is of course quite different from 
the one used in the paper. It is indeed interesting to note 
that the rule of constant energy of distortion is being applied 
by the author to such design problems and that it is thus finding 
more and more application in the pipe industry. In using this 
theory in the design of thin tubes under the action of internal 
pressure alone, an increase of 15.6 per cent in the allowable 
working stress over that prescribed by the maximum-shear 
theory is possible. This can result obviously in a considerable 
saving in the cost of long pipe lines. 

Referring to the determination of stresses at the fixed end O 
in Fig. 6 of the paper, it would appear from the calculated example 
that the maximum-shear theory gives a smaller equivalent stress 
Peq than the theory of constant energy of distortion. It seems 
that instead of using the author’s Equation [62] for the maxi- 
mum-shear theory Equation [65] should be applied for this 
case in which p; = 0. If this is followed, the maximum-shear 
theory will then give a larger equivalent stress than the value 
obtained according to the constant .energy of distortion for 
this end of the pipe. 

The writer would like to inquire if any experiments have been 
made to check the theory presented in the paper. This is 
apparently an excellent example for the application of the brittle- 
varnish method for the determination of directions of principal 
stresses. Considerable useful information might be thus ob- 
tained, especially in regard to stress concentrations and local 
restraining effects near the end of the pipe. 


O. J. Baccrrup.2? Very little has been published on the 
subject of expansion stresses in pipe lines in space. To the 
writer’s knowledge only the work by Carlier®® gives an explana- 
tion of the theory of stresses in pipes in more than one plane, 
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with the exceptions of an example in the Piping Handbook? 
and a similar example in Shipman’s paper.* Jn these three 
cases there has been treated a three-legged pipe with quarter 
bends, each leg at right angles to each other, similar to the 
example solved by the author of the paper under discussion. It 
is evident that the problem is very difficult and its solution re- 
quires a great amount of work. 

The present paper is of fundamental importance as are the 
previous papers by Professor Hovgaard on pipe stresses. The 
profession owes him gratitude for his valuable work. 

Some time ago the writer made a study of pipe stresses and 
as a consequence, on the basis of Professor Hovgaard’s paper, ** 
developed a new graphical method for determining forces and 
moments in a pipe line with fixed ends. 

This method, which evaluates the integrals graphically, has 
been compared with the algebraic method and in all cases has 
given very close results. As a matter of fact there will be many 
cases where this graphical method will be more exact than the 
algebraic method because in a complicated layout with many 
arcs and straight pieces certain approximations have to be made 
to avoid too much work and complications when using the 
algebraic method. With the graphical method, no such ap- 
proximations are necessary since the integration follows the 
path of the pipe axis closely. 

After the reaction forces and couples at each end of the pipe 
have been found, the moment at any point of the line can be 
determined easily by using the general equation for the moment. 
Tf desired, the neutral axis can be determined and a moment 
diagram drawn. 

The same method with certain modifications has been used 
for pipes of any shape in space. Compared with exact solutions 
for pipes where such solutions exist, the stress determined by 
this graphical method is very much on the safe side. Until 
more is known of stresses in complex piping systems in space, 
the writer believes that his method can be used with safety. 


G. B. Warren.*? In connection with pipe stresses, recently 
obtained data and analysis of creep in metals at high tempera- 
tures should be taken into account in the design of pipe systems. 
Bailey’s paper®* will be helpful in this connection. The writer 
is inclined to believe that the phenomena of creep may make the 
proper design of high-temperature piping simpler rather than 
more difficult. 

The writer would make a suggestion in view of the fact that 
all known methods of computing pipe stresses are so complicated 
as to be almost unusable by the average organization which has 
to deal with them. Might there not be some way in which a 
dimensional analysis of tests on one-twentieth to one-fiftieth 
scale models of piping can be used in arriving at results? Such 
tests might conceivably be made by some central group trained 
to make and interpret such tests for all the many groups in- 
terested in the problem. 


AvuTHoR’s CLOSURE 


Mr. de Jonge advocates the use of the ellipse of elasticity in 
solving problems in a single plane, but admits that the method 
rests on projective geometry, which is unfamiliar to many engi- 
neers. 

In regard to the problem in space, Mr. de Jonge refers to an 
exact solution which he has obtained by means of the ellipsoid of 


31 ‘Deformation of Plane Pipes,’ by W. Hovgaard, Journal of 
Mathematics and Physics, vol. 7, no. 3, 1928, pp. 198-238, Massa- 
chusetts Institute of Technology. 

32 Design Engineer, Turbine Engineering Department, General 
Electric Company, Schenectady, N. Y. Mem. A.S.M.E. 

33 “Design Aspect of Creep,” by R. W. Bailey, JouRNAL oF Ap- 
PLIED Mecuanics, Trans. A.S.M.E., vol. 58, March, 1936, p. A-1. 
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elasticity, but unfortunately he gives no description of it. The 
remarks on these methods are too brief to allow one to form an 
opinion on them. The author can only express the hope that 
Mr. de Jonge will some day present a paper giving a full de- 
scription of the methods which he has forecast. 

It cannot be admitted that the discussion of the cases I to IV 
in the paper is superfluous. These cases, and especially cases 
I, IJ, and III, are of fundamental importance in space problems 
and are novel in so far as they are not used in connection with 
pipe bends in one plane. The problem solved in the paper is 
special, inasmuch as it deals with the simplest form of a three- 
dimensional pipe bend, although one not unlikely to be ap- 
proached in practice. The treatment of the cases referred to 
is purposely adapted especially to that problem, so that the 
results can be directly applied without further transformation. 


_ The author believes that engineers will find it convenient to be 


able to verify the numerical coefficients at once without having 
to go back to the discussion of earlier papers on the subject. 
When the author prepared his paper, he was not acquainted with 
Mr. de Jonge’s general solution,” but even if he had known it, he 
would have preferred to give the specific solutions of cases I to IV 
of the paper. 

In regard to ease IV in particular, Mr. de Jonge’s difficulty 
arises from a misunderstanding, which becomes evident by a 
comparison between the first four lines of his discussion of this 
case with the headlines of case IV of the paper. At each point S 
acts a couple such as would be produced by a force F at O, Fig. 5. 
This couple, which has the components M, and M,, produces 
rotations and deflections at A. 

Thus F, although acting at the fixed end of the quadrant, is 
supposed to produce a couple at S, and may from that point of 
view be called fictitious. This formulation of the problem 
arises from the method, explained on page 405 of the paper, by 
which, for convenience, at any station S shown in Fig. 6 of the 
paper, the couples acting upon the part of the pipe farthest 
from the origin and causing the deflection at A are expressed in 
terms of the reactions at the origin instead of in terms of the forces 
and couples acting at A. 

Now Mr. de Jonge proposes to reverse again this process by 
substituting a foree F and two couples acting at A shown in Fig. 5 
of the paper, such as will produce a couple at S of exactly the 
same magnitude but of opposite sign to that produced at S by F 
acting at O. This could be accomplished by a simple transfer 
of forces, as is intimated in the paper, but Mr. de Jonge adopts a 
rather complicated artifice to that end, and arrives then at the 
solution by a combination of cases I, II, and III, as given in Table 
1 of his discussion. It is submitted that the solution given in 
the paper is more direct and less liable to lead to errors in sign. 

With a correct understanding of case IV, its application to 
Fig. 7 of the paper becomes obvious. 

The author’s preference for the strain-energy theory is ex- 
plained in references in his paper.*** 

The discussion of Messrs. Crocker and Hendrickson forms 
really a paper in itself and constitutes a valuable contribution 
to the art of pipe-line design. It gives a comprehensive and 
critical survey of the various methods available for the solution 
of space problems, explaining in a lucid and objective manner the 
advantages and shortcomings of each. 

It should here be borne in mind that when an engineer has 
become familiar with one method, he will be loath to change 

34 ‘Further Research on Pipe Bends,” by William Hovgaard, 
Journal of Mathematics and Physics, vol. 7, no. 4, 1928, pp. 239-299, 
Massachusetts Institute of Technology. 

35 ‘Zur Theorie plastiche Deformation und der hierdurch im Mate- 
rial hervorgerufenen Nach spannungen,”’ by H. Hencky, Zeitschrift 
fiir angewandte Mathematik und Mechanik, vol. 4, no. 4, 1924, pp. 
323-334. 
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over to another, even if he can save some hours thereby. In 
general, the difference in cost is relatively insignificant, and an 
engineer naturally will prefer to use a method with which he 
and his staff have had experience and in which they have con- 
fidence. By adopting a new method, the checks which can be 
obtained ordinarily by a comparison with previous designs will 
be largely lost.- A definite opinion on the superiority of one 
method over another cannot be formed until it has been tried 
in a number of different cases, and even then it may be difficult to 
pass Judgment. 

When the author for the first time was faced with the problem 
of an important design of a pipe plant in three dimensions, he 
naturally applied the algebraic solution, which was an exten- 
sion of the method used in plane pipe bends with which he was 
familiar. After trying various approximations, it was decided 
to attempt a rigorous solution. It turned out to be complicated 
and elaborate and approximations could not altogether be 
avoided, but after having applied it to several cases, including 
one with three bends and four straight pipes, it was found pos- 
sible to so systematize the calculation that the work was shortened 
considerably. Continued application of the method would no 
doubt lead to simplifications and checks not yet discovered. 

As the author has not worked with the graphoanalytical 
method, he has to admit that his expressed preference for the 
algebraic method is perhaps somewhat subjective, but m any 
case it seems worth while to present the solution to the profes- 
sion. 

Messrs. Crocker and Hendrickson give an instruetive review 
of the elastic-point method, and explain in particular its ap- 
plicability where the pipe line approaches the square-cornered 
condition. The critical remarks on this method in general as 
well as on the graphs-and-charts method will be helpful to de- 
signers in determining their choice of procedure and will stimulate 
them to further efforts in developing simplified methods of cal- 
culation. 

The author is indebted to Mr. Crocker for having pointed out 
two errors in the paper: 

The second term in Equation [216] for the Z-rotation should 
read 


wT 


2 
KR yh (Mo. + P(L, + B siny) — QR(1 — cosy)] dy 
0 


This causes a change in the factor of Q in Equation [27] where 
+0.571KR? should be added inside the brackets enclosing that 
factor. 

The second error is in the expression for the Y-displacement, 
Equation [230]. The term +0.506 (Mo, + PH)R? should be 
written: +0.506 [Mo, + PH — Q(R + L,) |? 

This will cause changes in the Q-term in Equation (29], which 
becomes 


== & Li, + 1.506 R2L, + RL*, + 0.571 KLR? + 0.914 R* 


0.356 KR 


1 1 
+ 5 LA, + 0.856 RD. + 9 RL?, 
— 0.150 RL, 1.) Q 


It should be noted also that certain small terms have been 
omitted intentionally for the sake of simplicity, but as these 
terms are included in Mr. Crocker’s unabridged analysis with 
which a numerical comparison will be made, it is thought de- 
sirable to include them here. Hence, the following additions 
should be made to the left-hand side of the respective equations: 
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Equation [28], add: +0.071 KR®Q 

Equation [29], add: —0.071 KR?L,P + 0.006 HR?P 
Equation [380], add: +0.071 KR?P 

The following are also errors in the published paper: 


Page 406, second column, line 17 from top, write (H-y) in- 
stead of (H-Y). 

Page 408, Equation [28], last line, write —0.150 RTL, instead 
of —0.150RT. 

Page 409, Equation [29], last term in the factor of My, write 
512, instead of 4L2,. In the factor of P write HL,R instead of 
ALR, 


The numerical coefficients given in Equations [31] to [36] 
were approximations derived by a process of similitude from an 
actual design, applying certain scale factors. The principal 
object in giving a numerical example was to illustrate the method 
of procedure in determining the reactions and stresses, giving 
thus a general idea of the amount of computation involved and 
the order of magnitude of those quantities. These objects are 
attained whether the coefficients in Equations [31] to [86] are 
accurate or approximate, but as Messrs. Crocker and Hendrick- 
son have presented a comparison between the numerical values 
of the reactions obtained by different methods, it is of interest 
to have the exact values as obtained by the author’s method. 
For this reason all the coefficients in Equations [31] to [36] 
have been recalculated accurately in accordance with the cor- 
rected algebraic equations including small terms and the 
following results have been obtained: 


327.5 Mo, + 2988 Q — 36,810 N =0.......... (31] 
414.5 Mp, — 4053 P + 19,470 N =0.......... (32] 
394.2 M,, + 45,620 P — 15,660 Q =0......... (33 ] 
+ 421.0 Mo, + 25,230 Mo, — 11,604 My, —777,850 P + 7780Q 
cts 808, S00 LN: = 24 6884 CNL Sri eens. 2 <1 (34] 
—22,120 Mo, — 421.0 Mo, + 26,600 Mo, + 2,611,300 P 
— 369,450 Q + 2,380,500.N = 755.2 X 108......... (35] 
+ 10,150 My, — 25,220 Mo, + 7780 P — 776,100 N 
=O ES EL OSs ct 2. ee eee [36] 
The Equations [37] become 
+ 811.3 P — 456.8 Q — 259.4 N = 468.4 X 103 
— 469.8 P + 888.3 Q — 85.7 N = 755.2 X 103 . [37] 
— 238.8 P — 92.58 @ + 1548.9 N = 397.8 X 103 


The reactions are found to be 


P =1855lb Mo, = 
Q = 1894lb My, = 
N = 655.7lb Mo, = 


+56,425 in-lb My, = 
—12,660 inlb My, = 
—139,450 in-lb My, 


—107,535 in-lb 
+85,050 in-lb 
+75,200 in-lb 


and the resultant = 2730 lb. 

These figures are very close to those found by Mr. Crocker’s 
unabridged method, and not very different from the original 
values given in the paper. There seems to be no reason, there- 
fore, to revise the stress calculations, which as they stand, 
serve their purpose to illustrate the procedure. 

The experiments described by Mr. Mayrose are very interest- 
ing, and it may be added, very puzzling, since the results differ so 
widely from those of the formulas. It is not believed that a 
factor, K, as suggested, similar to the ordinary flexibility con- 
stant, should be applied since, to the first order, there can be no 
flattening by bending. In the present case, if the author under- 
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stands the setup correctly, there was no bending in the test pipe 
at any point, only torsion and shear. 

It would be of interest to test a complete circular tube-ring, 
split at one section, where the ends might be loaded with an up- 
ward and a downward force in the same vertical line. 

The difficult problem of creep, discussed so interestingly by 
Mr. Wesstrom, would seem to be of special importance in the 
pipe-plants of warships of high speed, where high stresses have to 
be accepted and where the pressures are apt to be put on and off 
very frequently. 

The author agrees with Mr. MacGregor that the term ‘‘con- 
stant energy of distortion” is more appropriate in the present 
case than the more general term “strain energy,” since it defines 
exactly the kind of energy involved. It is also agreed that 
Equation [65] of the paper, with p; = 0 for the surface of the 
pipe, should be applied in the maximum-shear theory in this 
case, since it gives higher stresses than Equation [62]. 

Replying to Mr. MacGregor’s question whether any tests 
have been made to check the theory presented in the paper, the 
author can only say that piping systems designed on the basis 
of that theory are now beginning to be tested in active service 
and that so far no trouble has been experienced with them. 

Mr. Baggerud’s remarks confirm the author’s opinion in re- 
gard to the graphical method in case of plane pipe bends. By 
this method it is possible to deal with any form of pipe, follow- 
ing the same standard procedure, in which the draftsman soon 
acquires routine and confidence. 

The suggestion of Mr. Warren to establish a central station 
for systematic research in pipe problems deserves most careful 
consideration. Such a station or laboratory might undertake 
fundamental research. It might render assistance to the in- 
dustry in helping to solve practical problems presented to it, 
and by a comprehensive compilation of data and experience, 
it would in time be in the best possible position for developing 
practical methods of solution, whether algebraic, graphical, or 
by models. Probably such a laboratory would be best located 
at and associated with some university. 


Engineering Problems in Aircraft 
Operation at High Altitudes’ 


N. B. Moorg.? This paper is a timely contribution to the 
study of a problem which is currently engaging many aeronauti- 
cal engineers. 

The writer is particularly interested, from a purely aerody- 
namical point of view, in a statement near the beginning of the 
paper, in which the authors state “. .. . it would, therefore, appear 
that unlimited upward extension of the altitude limitation of 
cruising power would be desirable,’’ as contrasted to a conclusion 
reached by Bréguet,* that “. ... flight above 16,400 ft (5000 
meters) offers no particular advantages.” 

Of course, these statements cannot be isolated from their re- 
spective papers. However, Fig. 1 of this discussion is offered as 
a supplement to Fig. 1 of the paper to show the dependence of 
possible benefits of supercharging on the basic performance para- 
meter A. The curves are for constant thrust horsepower and 
were calculated from charts (to be published shortly) for high- 
altitude performance, developed by W. C. Rockefeller of the 


1 Published as paper AER-58-1, by R. E. Johnson and R. F. Gagg, 
in the January, 1936, issue of the A.S.M.E. Transactions. 

2 Aerodynamics Engineer, The Northrop Corporation, Inglewood, 
Calif. Also, Research Fellow, California Institute of Technology, 
Pasadena, Calif. 

3 “Speeds of Commercial Aeroplanes,”’ by L. Bréguet, Journal os the 
Royal Aeronautical Society, vol. 39, 1935, pp. 192-212. 
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California Institute of Technology and based on Oswald’s* gen- 
eral performance equations. 

It is seen that to obtain much benefit, in so far as speed increase 
is concerned, it is necessary to have a small value of the cruising 
/A, which implies the necessity of low span loading and/or low 
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Fig. 1 IntusTRATING THE DEPENDENCE OF BENEFITS OF SUPER- 
CHARGING ON THE Basic PERFORMANCE PARAMETER A 


thrust-horsepower loading and/or high parasite loading. It is 
seen also that, for any actual value of A different from zero, there 
is an optimum altitude at which the velocity increase reaches a 
maximum. 

It might be noted that the cruising A for the Douglas DC-2 
plane on 75 per cent rated power (thp = 0.75 X 0.75 X 1420 = 
800 hp, assuming an overall propulsive efficiency of 75 per cent) 
is about 18, and that current American transports have cruis- 
ing A’s between this value and 30. On the other hand, Bréguet, 
in considering two*typical airplanes, a fast and a slow one, took 
for the latter airplane one which seems to have an extremely high 
A. 

In spite of the enticing speed increases obtainable by main- 
taining cruising power at the higher altitudes for small A’s, it 


4“General Formulas and Charts for the Calculation of Airplane 
Performance,” by W. B. Oswald, N.A.C.A. report no. 408, 1932. 
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must be remembered, as is pointed out in the paper that these 
inereases will be of practical use only for long-range flights. 
The definition of the basic performance parameter A used in 


this discussion is 
Ww Ww 4/3 W —1/3 
~ b,2 \ thp i 


where W = weight, lb; b, = e2kb = effective span; e = Oswald’s 
airplane efficiency factor; & = Munk’s span factor; b = largest 
individual span of the wing cellule, ft; thp = cruising thrust 
horsepower; f = Cp,.S = equivalent parasite area, sqft; Cope = 
Cp — (SC,2/rb,2) = equivalent parasite drag coefficient; Cp 
and C,, = drag and lift coefficients; and S = total wing area, 
sq ft. 


Film-Lubrication Theory and 
Engine-Bearing Design’ 


P.M. Hetpr.2 The writer agrees with the author’s statements 
that (1) the coefficient of friction is at best a by-product of the 
analysis and of dubious value, and (2) that the PV factor is not a 
true measure of the loading of a bearing. 

In phenomena involving dry friction, the coefficient of friction 
has a legitimate place, because in that instance it is substanti- 
ally independent of the two variables, the load and the speed. 
We all learn about dry friction before we learn about fluid fric- 
tion, and there is a tendency to assume that the same laws and 
relations hold in both. By definition, the coefficient of friction 
is the ratio of the frictional force to the pressure between the sur- 
faces in frictional contact, and by implication the coefficient re- 
mains constant when the pressure and the load vary. The coef- 
ficient of friction appears in a great many mechanical formulas, 
such as those for the efficiency of toothed gearing. For instance 
in spur gearing we have one force perpendicular to the surfaces in 
contact, the so-called tooth pressure; and another force parallel 
to, or rather, right in the surface of contact, the frictional force, 
which is assumed to be equal to the product of the tooth pressure 
and the coefficient of friction. Since the coefficient of friction is 
defined as the ratio of the frictional force to the pressure between 
the surfaces in contact, this assumption is correct. The objec- 
tion is that in fluid friction the coefficient of friction is not constant 
and independent of the load but is inversely proportional to the 
load, so that in this case, to say that the friction is equal to the 
product of the load by the coefficient of friction amounts to say- 
ing it is proportional to the product of the load by the inverse of 
the load which, of course, means that it is entirely independent 
of the load. 

The writer also agrees with the author’s statement regarding 
the equation for the coefficient of friction in terms of the viscos- 
ity, speed of revolution, and load. The writer does not wish to 
belittle in any way the work of those scientists who discovered 
this relationship with the aid of dimensional theory, since the 
writer considers it a very clever piece of analysis, but thinks it 
is unfortunate that the relationship was given in the form in which 
it has become familiar, that is, the coefficient of friction is equal to 
the product of the kinematic viscosity and the speed of revolution 
divided by the load. It would be simpler to say that the fric- 
tional force is equal to the product of the kinematic viscosity and 
the speed of rotation. 

That the PV factor is not a true measure of bearing loading is 
directly apparent from the foregoing. If the frictional force were 
directly proportional to the load, in other words, if the friction 


1 Published as paper OGP-58-1, by E. 8. Dennison, in the January, 
1936, issue of the A.S.M.E. Transactions. 
2 Wngineering Editor, Automotive Industries, Philadelphia, Pa. 
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coefficient were constant, then the heat generated in a bearing 
would be proportional to the PV factor, but since the frictional 
force is more or less independent of the load, this does not hold. 

The difficulty in applying theory to the bearings of high-speed 
engines is due to the lack of rigidity of both the crankshaft and 
the crankcase. The theory assumes the journal and bearing to 
be parallel, so that the load is uniformly distributed over the 
whole length of the bearing, but in practice this does not hold 
true. The more rigid the crankcase and the crankshaft the more 
nearly uniform the distribution of the load and the greater the 
capacity per unit of projected bearing area, assuming accurate 
workmanship. Recognition of this fact has led to a gradual in- 
crease in crankshaft diameters. In 1910 a four-cylinder auto- 
mobile engine with 4 by 5-in. cylinders had a crankshaft of 15/3 
in. diameter. At present, high-speed engines of the same cylin- 
der dimensions would be designed with a crankshaft diameter of 
at least 21/2in. Of course, the high speed is a factor in the deter- 
mination of the most suitable crankshaft diameter. An auto- 
motive type of Diesel engine of recent design has crankshaft bear- 
ings of larger diameter than the bore, 37/s in. for a 33/,-in. bore. 
Several high-speed Diesel engines manufactured abroad have 
intermediate bearings of larger diameter than the stroke, the 
bearing being on the outside of circular crank disks. Some de- 
velopment work was done in this country on an automobile engine 
having a crankshaft of this design, but the writer understands that 
the difficulty of cranking the engine in very cold weather led to 
its abandonment. 


A. D. Anpriota.? The author is to be commended for the 
practical and ingenious analysis presented. Avoidance of the 
usual mathematical complexities present in the larger proportion 
of film-lubrication literature is to be especially lauded. Asa rule, 
by virtue of such complications, practical application is possible 
only by means of a thorough and intensive study, thus implying a 
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as the two, when considered together, form an excellent qualita- 
tive index for the expected life of a bearing. 

The writer recently completed calculations for the design of 
both main and crankpin bearings of a two-cycle double-acting 
engine. Several approximations arrived at for the calculation 
procedure may prove of interest. In the case of the main bear- 
ings it was found that an approximation offering good accuracy 

was to obtain the values of P’, T’, and 
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T’/Q' based on the mean value of the bear- 
ing pressure, P as determined from the fa- 
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miliar bearing-pressure-crank-angle dia- 
gram. The good agreement between the 
results calculated on this basis and those 
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T’/Q’ crank-angle areas is due to the 
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nature of the P’-T’ and P’-T’/Q’ relations. 
When represented graphically both of these 
will be found to be lines of slight curva- 
ture, except for a very narrow range at 
the origin which corresponds to the condi- 
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tion of the journal concentric with the bear- 
ing. For the eccentricity range in which 
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(Solid lines show effect on crankpin bearings. Broken lines show effect on main bearings. 


main bearings, L/D = 0.32 while for the crankpin bearings, L/D = 0.4. 
uw = 9 X 10-6 and N = 720 rpm.) 


degree of specialization normally not required of the average de- 
signer. For actual design purposes the method offers compara- 
tive ease in application, particularly in the evaluation of the ef- 
fects produced by changes in any of the bearing and lubricant 
characteristics such as clearance, L/D ratio, and viscosity. The 
introduction of the expressions for friction work and mean tem- 
perature rise, S and At, respectively, merits special consideration 


3 Engineer, Electric Boat Company, Groton, Conn. 


engine bearings operate both relations are 
linear for all practical purposes. 

In dealing with the crankpin bearings 
there is the additional effect of variable 
relative velocity between the rubbing sur- 
faces to be considered, for which the au- 
thor has given the maximum and mini- 
mum values. Expressed in revolutions 
per minute the general form will be 


Nee w(t ei Ts) o 
V/ n? — sin? 6 
where 6 = crank angle = 0 deg at top dead center; n = connect- 
ing-rod-crank ratio = L/R; N = crankshaft journal speed, 
rpm; N, = relative rpm between bearing and journal. 
The required mean values may of course be accurately deter- 
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TABLE 1 MAIN BEARINGS 


By integration Based on mean P Difference in per cent 
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For the design discussed here n = 3.6 and a,,? = 1.0386. Gen- 
erally n is higher, its value for most designs being somewhere be- 


a.beiho (238) 261 (324) 265 a, 41.53 tween 4and 5. The second term of the equation varies inversely 
pp0ta8 wey) rs (een ee aah gals with n and in the majority of engines the variation of Om from 
0. 00175 39.3 195 39.1 199 =p 2.05 unity will be less than indicated here. Treating the relative velo- 
PAG ; ; ; city as a constant, the calculation procedure is then identical with 
TABLE 2 CRANKPIN BEARINGS that outlined for the main bearings. The accuracy of the sug- 
p ‘ Based on mean P Difference gested approximations may be studied from the results given in 
eee a nee ger ta pergeus Tables 1 and 2 of this discussion. In each case L/D, N, and 
n/a At 8 At s At 8 3 ; ras M 
0.00075 (1391) 347 (1300) 339 7, =e were held constant and the clearance ratio varied. 
0.00125 (fon 339 (133) a Buia ope The foregoing considerations have no bearing, of course, on the 
0.00150 96.5 237 92 2347 OF eal. 27 procedure for determining the minimum film thickness, h, = 
0.00175 54.9 222 52.3 218.5 —4.73 —1.58 : : : 
0.00200 34 211 3555) 06h mee al —2 37 n/Mmax. It will be necessary, for the crankpin bearings, to 
280 evaluate (P/N,)max, the equivalent expres- 
sion for P’max in this instance being written 
; (n/a)? 
y 240 IP Fe me ae (P/N,)max- The correspond- 
= ing value of max is obtained directly from 
2 200 20,000 Figs. 5 or 5a of the paper. 
’ In Figs. 1, 2, 3, and 4 of this discussion 
aN are given the results of the complete analy- 
c bs sis. The bearing - pressure - crank - angle 
o 9 diagram used for a study of the clearance 
2 206 and viscosity variations was based on the 
a 5 10,000 LE preliminary crankshaft and connecting-rod 
7 80 1 0.0004 dimensions. For the length and diameter 
= ge variations the mean crankpin-bearing pres- 
oh) sure was corrected for area alone, the as- 
40 0.0002 - A aene 
sumption being made that the variation in 
connecting rod and rotating mass, due to 
fo) OE 6 7 5 39 the change in the bearing dimensions, 
Journal Diameter, in. could be neglected. 
Fig. 3 Errecr oF DIAMETER VARIATION OF Matin BEARINGS The excessive At figures shown in Tables 1 
(L = 2.234 in, n/a = 0.0015, » = 9 X 10-6, N = 720 rpm.) and 2 for small ratios of »/a merely signify, 
280 qualitatively, that oil flow as calculated 
for those cases is insufficient. With respect 
to the theoretical correctness of the expres- 
ise sion for Q, the oil flow, and consequently 
- = that for At, the writer cannot offer any 
©9200 20,000 0.0010 constructive criticism. Expressions for 
o z these two quantities have been advanced by 
% 160 fo 00008 = Boswall and other investigators in which 
ar. the effect of the dynamic pressure upon 
Doon | 2 Pe oil flow is taken into account. Their na- 
ria oe a ture is such, however, that application to de- 
poe bes g sign problems is impractical. The desira- 
ae ars bility of establishing mathematical means 
ad is *< to estimate oil flow is apparent but until 
os 40 0.0002 the theory is extended to a degree where 
ho/@ application becomes possible, the safest 
) 0 pee wen ae ) guide must of necessity be obtained from 
1.5 ee oe : Sw 3.5 experimental data. The utility of the equa- 
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mined from the integration of the T’N,2/Q’ — @ and T’N,? — 
gareas. No error of any magnitude will be introduced, however, 
if the effect of variable relative velocity is neglected in obtaining 
Atands. That ample justification for this exists is apparent from 
an inspection of a@*mean, Where 
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tion for At is not seriously affected since its 
application to engines of approximately the 
same size and employing roughly the same 
method of crankcase ventilation, if any, will yield dependable 
results. 


G. B. Kareuirz.‘ At the present time there is little available 
information on the minimum permissible thickness of an oil 
film in motor bearings. In large bearings such as are used in 
industrial electric motors, measurements by Vieweg® showed 


4 Associate Professor, Department of Mechanical Engineering, 
Columbia University, New York, N. Y. Mem. A.S.M.E. 

5 “Optische Massgeraete,’’ by V. Vieweg, Petroleum Zeitschrift, 
1922, p. 1405. 
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cessation of metal-to-metal contact at a film thickness of 0.0004 
in. However, in these bearings the distortion must be taken into 
consideration. The short and rigidly mounted bearings of an 
automobile or small Diesel engine are different, and in these units 
fluid lubrication may occur with extremely thin oil films such as 
discussed in the paper. 

An insight into the order of this thickness can be obtained from 
the paper by Connelly and Hertel. They experimented with 
small flat blocks of babbitt, riding on a !/,-in. journal in an oil 
bath. The data reported allowed the writer to compute the 
minimum oil-film thickness under the blocks. This proved to 
be 0.000041 in. to 0.000043 in. for one series. Therefore, a film 
thickness of 0.0001 in. should be quite adequate for automobile 
bearings. 

With reference to the oil-flow computation, it should be remem- 
bered that the figures are valid only for main bearings under 
force-feed lubrication and designed with a circumferential 
groove at midlength, the flow in other bearings being quite differ- 
ent. It is to be regretted that to date no reliable tests have been 
made to measure the oil flow in engine bearings in spite of the 
fact that these tests should not be difficult. 


AuTHOR’s CLOSURE 


It is of interest that Mr. Heldt concurs in certain views ex- 
pressed in the paper concerning the usefulness of the coefficient 
of friction, and also of the PV factor. A coefficient of friction is 
in fact redundant when it is found to be inversely proportional 
to load, and as a first approximation this is true with fluid lubri- 
cation. Consequently attention may be confined to the more 
moderate fluctuations to which friction torque itself is subject. 
The methods of dimensional analysis may be applied as well to 
this aspect of the problem as to the other. 

The difficulty in applying the theory, which arises from lack 
of rigidity and from similar uncertainties, is a considerable one. 
Laboratory data scarcely improve the situation at all. In order 
that experimental results shall be comprehensible and mutually 
consistent, a close control of test conditions is essential. The 
more exact this control is, the better the agreement with theory 
is likely to be, and the more remote is the connection with practice. 
Nevertheless, it is a safe premise that the underlying principles, 
with their qualitative effects, apply to all cases. Lubrication 
theory may therefore be made to serve as a vehicle for comparing 
new engine-bearing designs with examples which are known or 
typical. This in effect is what is attempted in the paper. 

Mr. Andriola has shown that in application the design pro- 
cedure can be simplified in two important respects: (1) Friction 
and oil-flow calculations can be referred to the mean-load con- 
dition without noticeable error, and (2) the net effect of varia- 
tions in crankpin-bearing velocity, due to angularity of the rod, 
is small except in regard to film thickness. To estimate the 
latter in main bearings, the maximum-pressure point only is to 
be considered. For crankpin bearings, points near the top center 
and also near the bottom center are to be considered, with due 
allowances for instantaneous speed. These short cuts enable the 
designer to proceed directly to a consideration of length, diame- 
ter, clearance ratio, and oil viscosity, the selection of which is 
his concern. 

As pointed out by Professor Karelitz, there appears to be good 
agreement regarding the order of magnitude of film thickness 
attainable under the most favorable conditions. By contrast, 
known cases of engine bearings afford an independent estimate 
of what is permissible in practice. Since the paper was prepared, 


6 “Bearing Investigation by Varying Wear Method,” by J. R. 
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AMERICAN Society or MrecHanicaL Encinerrs, held in New York, 
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there has been opportunity to review a number of cases, all 
pertaining to Diesel engines in the medium or high-speed classes. 
Speeds ranged from 500 to 1200 rpm; shaft diameters from 5 in. 
to about 10 in. Film thickness h, for satisfactory bearings 
ranged from 0.0004 in. to 0.0006 in. The ratio h,/a ranged 
from about 0.00014 to 0.00020. A ratio h,/a less than 0.00013 
at full-speed is unsatisfactory, as indicated by some other cases 
which have proved unreliable. Should these limits be accepted, 
the figure h, = 0.0001 in. quoted by Professor Karelitz would 
apply to a shaft of about 11/2 in. diameter or smaller. At reduced 
speed or when idling a lower ratio is tolerable, as suggested in 
the paper. 

The cases investigated, by coincidence, were all furnished with 
a type of high-lead-bearing metal, approximately 98 per cent lead. 
For this material there are sufficient data to determine an ap- 
proximate upper limit of the heating function. This limit for 
reliable continuous service was found to be about s = 400 in- 
lb per sq in. per sec. Tin-base babbitt had previously been 
proved unreliable for the applications referred to. The cor- 
responding limit for s is unquestionably lower, but a numerical 
figure cannot be quoted. On the other hand, some other alloys, 
such as the lead bronzes, common in aviation practice, are cap- 
able of withstanding very severe loads when correctly applied. 

The author agrees with Professor Karelitz’ remarks as to the 
uncertainty of the conditions affecting oil flow. The same 
uncertainty applies to the entire question concerning the cooling 
action of oil in foree-feed bearings. Actual flow is in excess of 
that given by the expressions arrived at in the paper. The 
function At cannot be depended upon quantitatively. At most 
it may suggest a type of investigation which has so far received 
little attention. 


Distribution of Air to Underfeed 
Stokers’ 


J. W. Armoour.? The authors have brought out very clearly a 
point about which there has been considerable controversy, that is, 
the pressure drop of air through tuyéres as compared with the pres- 
sure drop through the fuel bed. This very definitely shows that the 
controlling factor is the condition of the fuel bed and not the size 
of the air openings in the tuyéres. The tuyéres then provide means 
only for the distribution of air and not for the control of air 
quantity. The data have been confirmed by experiments con- 
ducted under the writer’s supervision of a great many different 
types of tuyéres and also of grate surfaces for traveling-grate 
stokers. We do not hear so much regarding percentage of air 
openings on underfeed stokers as we do in connection with chain- 
grate or traveling-grate stokers. Here, this question of percentage 
of air openings seems to be of major interest, whereas, it is the 
writer’s contention that the percentage of air openings in the 
grate surface is of very little importance but the real factor of 
importance is the distribution of the air to the fuel bed and the 
design of the air-admitting block from the standpoint of proper 
support to the kind of fuel being used. 

The writer’s experience with multiple-zone control of the 
underfeed section of the stoker bears out the author’s experiences 
in that manual control is of very little benefit from the standpoint 
of daily operating efficiency. Even on a very simple installation, 
in which only four controls had to be manipulated by the fireman, 
and on a stoker small enough so that it was possible to observe the 
effect of manipulation of the air control on the fire, it was found 


1 Published as paper FSP-58-2, by A. S. Griswold and H. E. 
Macomber, in the January, 1936, issue of the A.S.M.E. Transactions. 

2 Vice-President, Riley Stoker Corporation, Detroit. Mich. Mem. 
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that the operators would not give the proper attention to the 
controlling of the zone dampers. It was further found that dis- 
continuance of the use of approximately one half of the zone 
dampers did not result in decreased efficiency and still gave the 
operator sufficient control over the fuel bed. 

On very large stokers, where it is impossible to observe all 
portions of the fuel bed and operation must be guided entirely by 
meter readings indicating the air flow to the various zones, it 
would appear that the operation would be somewhat similar to 
blind flying, a perfectly possible thing to do but carried out 
without a great deal of confidence. 

It is noted that the authors state that with manual control 
adjustments may be required, at low fuel-burning rates, three or 
four times an hour and for high combustion rates rather frequent 
adjustments are required. It would appear to the writer that three 
or four times an hour would be rather frequent adjustment and 


the operator must be very busy during the period of high com- | 


bustion rates. The writer has witnessed operation on oil firing 
where complaint was made because the air-fuel ratio had to be 
changed on the combustion control once in two or three hours and 
a similar criticism was made of a pulverized-fuel combustion con- 
trol where the operator had to readjust the air-fuel ratio approxi- 
mately once an hour because of a rather wide periodic load swing. 

It is apparent that the success of zoned-air control on large 


| _ stokers is dependent upon obtaining suitable means for controlling 


the air to the various zones automatically. It is further evident 
that these controllers must be exceedingly sensitive to slight 
variations in pressure in order to properly proportion the quantity 
of air to the various sections of the fuel bed. It may be of 
interest to note that these controls which were manufactured by 
the A. W. Cash Company have been installed in another appli- 
cation where the differential pressure was being controlled within 
plus or minus 0.005 in. water, read on a special gage. 

It is rather remarkable to note the air distribution to the 
various zones as given by the authors, in showing the distribution 
of air to the stoker at the Beacon Street Heating Plant in Detroit. 
At the 300,000-Ib rating, this distribution is approximately 25 
per cent to the extension grate, 30 per cent to the lower tuyere 
zone, 15 per cent to the upper tuyére zone, and 30 per cent stoker 
and setting leakage and unaccounted for. 

It would appear that we would have to revise some of our ideas 
of the burning of coal on an underfeed stoker. Presumably the 
greater portion of the volatile content of the coal was released in 
the upper zone and with coal having 30 per cent volatile, approxi- 
mately only 15 per cent of the total air is used at this point, which 
is apparently contradictory, unless we consider that a large 
amount of excess air is passed through the extension-grate zone 
and eventually mixes with the rich gases released from the upper 
tuyére zone. It would be very interesting if along with this chart 
of air distribution it were possible to have analyses of the gases 
as they leave the fuel bed. 

The results obtained by the use of automatically controlled 
air zoning of underfeed stokers on these large-size units are quite 
remarkable and it would appear a necessity that if multiple- 
retort underfeed stokers are to be used with even moderately 
preheated air for large capacities that the zoning of air is essential 
and that automatic control of this zoning becomes a necessity on 
account of the inability of the operators to see the condition of 
the fuel bed. When one considers the extent of the complication 
necessary for the successful application and operation of these 
large stokers, and especially the desirability of using preheated 
air in order to obtain the maximum fuel-burning rate and effi- 
ciency, there would seem to be further reason for the use of pul- 
verized fuel because of the simplicity of the installation and the 
ease of the application of control on maintaining daily operation 
at the highest possible efficiency. 
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F. J. Cuareu.’ It is an established fact that a metered-air con- 
trol when properly installed and operated in connection with a 
stoker improves the performance of the steam-generating unit. 
Its principal function is to reduce the quantities of excess air 
for combustion by controlling the flow of air and maintaining a 
uniform fuel bed. The fuel bed, however, will not necessarily 
remain uniform unless the stoker-control and air-control mecha- 
nisms are properly correlated and operated so that the latter 
will always be within its operating range. The secondary pushers 
of a stoker can be improperly operated to the extent that the air 
control will not be effective. 

The three plants referred to in the authors’ report furnish an 
example of the necessity of predetermining proper lengths of 
secondary-pusher strokes to obtain best performance. At Beacon 
Street, with cold air supplied for combustion, best results are 
obtained with lengths of secondary-pusher strokes that increase 
progressively from top to bottom. It has been found necessary 
to operate the preheated-air stokers at Delray with progressively 
shorter strokes from top to bottom. The stokers at Conners 
Creek, also supplied with preheated air, are operated similarly or 
with equal strokes on the secondary pushers. Under normal 
operating conditions the established relation of pusher strokes be- 
tween zones is not often changed but the lengths of strokes of all 
pushers are uniformly changed when a large increase or decrease 
in the rate of evaporation is to be maintained for several hours. 
In all cases the lengths of the extension-grate strokes are usually 
shorter than the pusher strokes and are varied oftener. It is 
evident, therefore, that considerable attention must be given to 
the adjustment of the pusher stroke in the zones of any stoker, 
even though it is equipped with metered-air control. 

In addition to the original setting of pusher strokes in the 
zones, individual pusher adjustments must be made at times to 
correct a localized fuel-bed irregularity caused by some abnormal 
condition which disturbs the fuel bed to such an extent that the 
air control cannot correct it. Beacon Street and Conners Creek 
have a decided advantage over Delray for determining when 
individual pusher-stroke adjustments are required since the con- 
trols at the former plants are equipped with air-flow gages and 
damper-position indicators which indicate to the operator when 
individual pushers need temporary stroke changes. Under 
normal operating conditions, when steaming rates are not 
excessively high and the coal feed is uniform, the fuel bed ordi- 
narily remains relatively uniform. Under these conditions the 
control dampers seldom reach the limits of their operating range 
and consequently very few pusher adjustments are required. 
Without the use of air-flow gages or indicators for positions of the 
control dampers, however, improper coal feed, excessive coal 
segregation, large clinker formations or other abnormal conditions 
may develop thin or heavy sections in the fuel bed which may not 
be apparent to the operator and are not corrected automatically 
by the stoker or the air control. 

The authors state that at the Beacon Street Heating Plant the 
use of the overcompensating feature of the air-control dampers 
is not required to obtain satisfactory results. When a thin or 
heavy section of the fuel bed is shown by the air-flow gage, the 
damper is adjusted so that the flow of air through the correspond- 
ing control unit equals the predetermined quantity of air flow 
through all units of its zone. Although this method of operation 
maintains a uniform rate of combustion over all units of a zone, 
the stoker continues to operate with the thin or heavy spot until 
the operating conditions change and correct the unevenness of 
the fuel bed automatically. At Conners Creek an irregular 
fuel-bed thickness over a control unit is corrected with a 
pusher-stroke adjustment when the corresponding position indi- 
cator of the control damper shows that the damper is reaching or 

3 The Detroit Edison Company, Detroit, Mich. 
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has reached an extreme open or closed position where it can no 
longer be operative. When the fuel bed has regained its original 
thickness, the stroke adjustment is returned to normal. This 
method of operation, desirable with a constant air-flow control, 
appears to produce good results and the number of stroke adjust- 
ments required to keep the dampers in range is not excessive. 

The optimum distribution of air for combustion to the zones at 
the Beacon Street Heating Plant varies considerably from the 
zone distributions at Delray and Conners Creek. Fig. 10 of the 
paper shows that the percentages of total air through each tuyére 
zone and the extension-grate zone vary with the rate of evapora- 
tion. At Delray optimum results are obtained with equal 
quantities of air flowing through each tuyére zone and approxi- 
mately one half that amount through each extension-grate zone. 
This distribution appears to be characteristic with preheated-air 
stokers where the ignition takes place early, the fuel bed is 
relatively flat, and the resistance to the flow of air through each 
zone is practically the same. A similar air distribution is being 
used at Conners Creek although final tests to prove that this 
distribution produces the best results have not been completed. 

The single-ended stokers at Delray are operating very satis- 
factorily, but their extreme length makes them less flexible than 
the short stokers at Conners Creek and it is not expected that the 
iron replacement costs will be as low as those at Conners Creek. 
Stoker developments and refinements will undoubtedly contribute 
to reduce the cost of iron replacements at Conners Creek, although 
the effect of the divided-tuyére development on stoker main- 
tenance is not yet known. This tuyére not only distributes the 
air to the retorts in the theoretically correct way as pointed out 
by the authors but furnishes a very convenient method of apply- 
ing metered-air-control units to the side-wall half tuyéres. The 
divided type of tuyére is performing satisfactorily at Conners 
Creek and is being installed at Delray in connection with the 
new air control. 

The maintenance of the air-control equipment itself is low and 
since means are provided to by-pass or open the control dampers 
during operation without entering the plenum chamber, the 
failure of any part of the control does not require a shutdown of 
the steam-generating unit. Minor repairs and adjustments can 
be made to the control mechanism in the plenum chambers of 
preheated-air stokers when the blower is down and the plenum- 
chamber doors are open to the atmosphere. The earlier trouble 
experienced at Beacon Street with breakage or binding of the 
damper-operating wires in the steel tubes has been corrected in 
later installations by the addition of bell cranks and wires so that 
the latter are always in tension when damper adjustments are 
being made. Although the Conners Creek air-control installations 
have not been operated long enough to establish accurate main- 
tenance data, no conditions that will require excessive maintenance 
of the air control are apparent. In six years of operation of five 
boilers at Delray, a total of 13 control boxes have been replaced 
due to serious stoker burnouts. These burnouts invariably 
occurred during the winter months when the coal was frozen and 
failed to feed properly in the retorts. Since the loss of coal feed 
in a retort is serious, particularly with a preheated-air stoker, all 
possible efforts should be made to maintain uniform coal feed 
at all times. 

There are several other plant conditions which should be con- 
sidered before deciding upon the installation of a metered-air con- 
trol. The authors report that the maximum continuous rate of 
evaporation can be increased 23 per cent or over with metered-air 
control. It should be pointed out that such improvement cannot 
be realized if the steam-generating unit itself limits the continuous 
normal or maximum rate of evaporation due to slagging of the 
boiler tubes. The authors also report that a maximum continuous 
rate of evaporation of 435,000 Ib of steam per hr is indicated at 


Conners Creek. Short runs at this rate of evaporation have been 
obtained and there is no doubt but that this rate of evaporation 
can be maintained for 24 hours or more. Except for the limitations 
imposed by the heat-absorbing equipment such as the accumula- 
tion of slag on the boiler tubes it appears that the above per- 
formance can be maintained over long periods. 

The plenum chamber must be large enough to permit the instal- 
lation of control units for an extension-grate zone and a tuyére 
zone for each group of 12 to 16 tuyéres. If the divided tuyére is 
not used, automatic or hand-control dampers should be installed 
to control the air to the side-wall half tuyéres. Hand-operated 
dampers are sufficient to control the air to the stationary extension 
grates and the secondary air to the front-wall air backs. 

The control is well beyond the development stage, but there 
undoubtedly are further improvements which can and will be 
made. In its present state the cost of the complete control is 
relatively high, and it appears that its principal justification when 
applied to existing stoker installations is in providing increased 
coal-burning rates. On new installations this feature may be 
utilized to permit a reduction in the investment in steam-generat- 
ing equipment. The newest type installed at Conners Creek is a 
step forward in metered-air control refinements, but further ex- 
perience will be required before its effect on efficiency and mainte- 
nance can be accurately determined. 


G.C. Eaton‘ ano H. E. Sticxun.' Reference is made by Messrs. 
Griswold and Macomber to the experimental installation at the 
Edgar Station, Boston, in 1926 of equipment to automatically 
compensate for variations in fuel-bed resistance as conceived by 
Mr. Maxwell Alpern, of the American Engineering Company. A 
brief résumé of this pioneer installation seems appropriate at 
this time. 

The stoker under which the apparatus was installed is 16 retorts 
wide by 25 tuyéres deep, with a projected grate area of 374 sq ft, 
and serves a furnace of 9000 cu ft below a 375 lb per sq in. three- 
pass boiler. The unit is capable of generating continuously 
150,000 lb of steam per hr at 700 F when supplied with feedwater 
at 240 F and cold air to the stoker. No air heaters are installed. 
Each tuyére row was divided into four sections for application of 
the automatic “boxes” shown in Fig. 1 of this discussion. 

The apparatus was designed to operate automatically as follows: 
An excess quantity of air from the wind box A flowing between 
the vanes B exerts a velocity pressure normal to the inner vane 
surfaces. This causes the vanes to move outward turning on the 
pins X. This motion is communicated to the twin dampers D by 
the links C. The dampers turning on the pins Y close to reduce 
the air flow through the tuyéres at E. To an outside twin ‘“‘whiffle- 
tree” linkage motion of the vanes B was transferred by the link K. 
This “whiffletree” caused the other boxes in the same tuyére row 
to open wider by a reverse motion of the lower linkage inside the 
other boxes. Theoretically, the apparatus was designed to supply 
the same quantity of air to a given tuyére row at the same fuel- 
burning rate. This is an entirely different principle from that of 
the present equipments which control by zones across the stoker 
rather than tuyére rows the length of the stoker. Control of the 
air flow through the extension grates was manual only. 

This apparatus was in service intermittently for several years 
but, due to the inherent friction in the linkage and damper bear- 
ings, as the result of coal-dust siftings from the stoker, and to 
small lumps of coal blocking the dampers, the automatic feature 
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became increasingly sluggish and completely inoperative within a 
relatively sbort time after each cleaning. The manually con- 
trolled feature of the installation showed that hand-operated 
dampers had possibilities worthy of further study. However, 
it was later decided that expenditure of capital for such equipment 
was not justified by the operating conditions then existent, prin- 
cipally cold air and the maximum fuel-burning rate required. 
The later installation of larger and longer stokers operating at 
higher burning rates with air temperatures in excess of 400 F was 
accompanied by a sharp increase in maintenance costs. These 
costs, while still high, were materially reduced in various ways. 
Further reductions being desirable, manually operated zoned-and- 
metered air equipment has been installed during thefpast year 


Fig. 1 Automatic AiR CoNTROL AT THE EpGar STATION, BOSTON, IN 
1926 


under one of the later stokers at Edgar Station. Operating re- 
sults have not been entirely satisfactory and development work 
is still in progress. The writers are decidedly of the opinion, 
however, that the even distribution of air to the stoker by means 
of the boxes, when operating wide open, is very desirable but 
could be accomplished very easily by simpler and less expensive 
means. 

There are several questions regarding their installations that 
the writers would like to ask Messrs. Griswold and Macomber. 
These are as follows: 


1 What was the reason for dividing the 57-tuyére Delray No. 3 
stoker into zones corresponding to the portions of the fuel bed 
controlled by individual pushers? 

2 Should not the upper curve in Fig. 9 drop with increased 
steaming rate? The general tendency indicated by the test points 
is downward. A straight line drawn mathematically through the 
points by the method of moments has a drop of over 0.5 per cent 
of CO, from 100,000 to 500,000 Ib of steam per hr. 

3 In Fig. 10, how was the stoker leakage measured? What 
factors does it include? 

4 What portions of the stoker show the lower maintenance 
costs with the zoned-air equipment? 

5 How is air leakage around the pushers minimized? 
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6 Inthe new Connors Creek installation, where air is supplied 
to stoker by retorts rather than by tuyére rows, how is adjustment 
and maintenance of the secondary pushers accomplished? The 
writers agree that the arrangement to include the retort in the 
area controlled is theoretically the best, but question its prac- 
ticability. 

In closing, the writers wish to emphasize their agreement with 
the authors that the importance of proper physical movement of 
the fuel bed cannot be overestimated when considering operating 
efficiency, which is, of course, the combination of thermal efficiency 
and operating and maintenance costs. The optimum operating 
efficiency of this stoker will be reached by ideally combining 
correct air distribution with proper physical movement of the 
fuel bed. This ideal combination has apparently been reached by 
the Detroit Edison engineers. 


J. N. Lanois.® It is the writer’s intention to extend the infor- 
mation on stoker performance as given in a paper by Driscoll and 
Sperr,’ rather than to discuss the present paper. Those authors in 
their Table 5 presented operating data for eight rows of Hudson 
Avenue stokers. The writer submits in Table 1 of this discussion 
an extension of this performance record to embrace operating 
performance for two additional years, 1934 and 1935. 


TABLE 1 OPERATING DATA FOR HUDSON AVENUE STATION 
1934-1935° 


Average coal- Average steam- 
burning rate, generating 


Stoker-main- 


Average steaming tenance cost, 


rate, 1000 lb per Ib coal per efficiency, dollars per 
Boiler hr per boiler sq ft per hr per cent net ton 
row 1934 1935 1934 1935 1934 1935 1934 1935 
51-54 129.7 113.7 23.6 20.4 86.4 87.1 0.054 0.049 
61-64 138.0 128.0 25.5 23.3 86.9 87.4 0.031 0.057 
71-74 213.3 213.5 29.6 29.9 86.1 86.6 0.069 0.065. 
81-84 211.9 216.9 29.1 30.0 86.7 87.2 0.086 0.068 


~ @ Based on service hours per year including low steaming and banking 
periods. 

For the purpose of this symposium on zoned-air control, it is 
possible to take from the operating performance data which is 
thus made available the data for two 12-month periods. In one 
of these periods eight of the stokers operated without zoned-air- 
control, and in the other period the same eight stokers operated 
with zoned-air control. In the period, without zoned-air control, 
the eight stokers had an average coal-burning rate of 29.0 lb per 
sq ft of grate area per hr and developed an average boiler-operating 
efficiency of 86.6 per cent. In the second period, with zoned-air 
control, the same eight stokers had an average coal-burning rate 
of 29.8 lb per sq ft of grate area per hr and an average operating 
efficiency of 86.6 per cent. In other words, with substantially the 
same average coal-burning rate, there was no gain in operating 
efficiency. 

In attempting to make a comparison of these two years of 
operation one feels somewhat adrift because of the uncertainty on 
the point as to whether or not the basic quality of the operation 
of the equipment by its attendants was identical in the two periods 
or superior in the second period, or inferior in the second period. 

Very fortunately we have data also on eight other stokers 
operating without zoned-air control through the same two periods. 
These stokers underwent no change in physical form or operating 
method throughout the two periods. Consequently we are entitled 
to think of these eight stokers as a pilot plant, the operating 
results of which can be used to measure the quality of the plant 
operation in the two periods. On this so-called pilot plant the facts 
are that in the first period, with a coal-burning rate of 24.2 lb 
per sq ft of grate area per hr, the average efficiency of the eight 
boilers was 86.6 per cent, and in the second period, with a coal- 
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burning rate of 22.1 lb per sq ft of grate area per hr, the average 
efficiency was 86.8 per cent. These facts establish the plant 
operation in the second period as being substantially equal to 
that in the first period. 

From the foregoing considerations, the writer deduces the 
personal conclusion that in the Hudson Avenue Station over a 
period in which it has been established that the quality of equip- 
ment operation was maintained, and for the load conditions of 
that particular station, the addition of zoned-air control to eight 
stokers did not show any appreciable gain in the operating effi- 
ciency of the boiler units with which they operate. 

The writer is conscious that numerous factors influence the 
comparison just made. Unfortunately, it is not possible to 
segregate the influence of all these factors in the problem, and we 
have to accept what admittedly must be recognized as a charcoal 
sketch of the situation. 

Were the operating loads to be raised, there is no question but 
that zoned-air control would show an efficiency gain on these 
stokers. 

The writer believes that were the dampers to be operated with 
automatic regulators similar to the Connors Creek installation, 
improved results would be obtained, but that the improvement 
over manual operation would not be sufficient on the present Hud- 
son Avenue load cycle to be measured by annual operating results. 

On the specific stoker to which these comments apply, and for 
the coal being burned, there is a 30 to 40 per cent gain in peak 
capacity ability assignable to zoned-air control. The gain in 
capacity is accompanied by decreasing efficiency, that is, top 
capacity with zoned-air control is at lower efficiency than operat- 
ing at top capacity without zoned-air control. To illustrate, if 
350,000 lb of steam per hr flow is the peak without zoned-air con- 
trol and 500,000 Ib of steam per hr is the peak with zoned-air 
control, the efficiency of 500,000 lb of steam per hr is lower than 
that at 350,000 lb of steam per hr. 

The writer believes that the benefits of zoned-air control would 
be greater on a long stoker than on a short stoker. For example, 
in comparing a 30-retort double-ended stoker with a 15-retort 
stoker, both of the same total projected area, the problems of coal 
handling and ignition on the long, single-ended stoker at high 
coal-burning rates appear more difficult and hence this construc- 
tion probably stands to gain more by localized air control. Stated 
another way, as the inherent coal-burning ability of the stoker, 
without zoned-air control, is increased, the further benefits gained 
by the addition of zoned-air control, may be found to be a di- 
minishing value. 


E. C. M. Sranu.8 There is at present a very definite objective 
in the design of all power-plant equipment. This is the matter of 
safety. The zoned-air control has added to the safety of the stoker 
operator at higher ratings. This control has made fuel-bed con- 
ditions more stable and reduced the dangers of opening furnace 
doors for the observation of fire conditions. Furthermore the 
amount of observation has been reduced so that, generally speak- 
ing, there is little likelihood of an accident due to fuel blowing off 
the stoker. Since air-control zones have been installed the com- 
pany with which the writer is connected has not lost a single 
section of fuel bed at ratings up to 500,000 lb of steam per boiler or 
fuel-burning rates of about 75 lb per sq ft per hr, and where small 
holes have developed in the fuel bed it has been a simple operation 
to fill them up with no loss of rating or capacity. 

Another advantage which we have found in the use of zone 
control is that less time is required for starting fires under cold 
boilers and less fuel is required in the process. 

While the matter of the correct percentage of CO. depends to a 
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large extent on the type of fuel burned and the equipment with 
which it is burned, the writer wishes to point out that the curve 
showing the comparison of the percentages of CO, in the flue 
gases at Beacon Street boilers, as shown in Fig. 9 of the paper, 
with and without metered-air control is of interest. This com- 
parison of CO, percentages was obtained on two different boilers 
and, of course, there is always the possibility that part of the 
difference at least may have been due to differences in the tight- 
ness of the boiler settings or other variables. Such differences 
in CO, as shown at Beacon Street have not been found at Hudson 
Avenue Station, and we have been able to satisfactorily obtain 
high CO, percentages without the use of the zone control. Fur- 
ther from our own observations we question the advisability of 
carrying as high as 15 per cent CO, in daily stoker operation. It 
has been our experience that the gain due to lower dry-flue-gas loss 
is more than offset by increased losses in carbon monoxide and 
unburned hydrocarbons. Unfortunately the usual type of Orsat 
apparatus does not give an accurate picture of the losses due to 
unburned gases. However, more complete analysis has shown 
that from 14 to 14!/. per cent CO, is the most economical point 
for regular operation. 


Sir Leonarp Pearce.’ Operating practice in Great Britain 
with underfeed retort stokers has not yet reached the stage where 
combustion rates are unattainable without air control. Normal 
operating rates of 42 to 45 lb per sq ft, and overloads of 55 to 58 
Ib per sq ft are at present being used with coals averaging 11,500 
Btu per lb. This is a somewhat lower heating value than that of 
the coals referred to by the authors, and as a consequence there 
is a tendency here to obtain slightly higher rates of combustion 
without air control than would be true of the authors’ experience 
with coals of higher heating value. 

Apparently the conception of the earlier air-control systems, 
such as those described at Delray and at Beacon Street, was to 
adjust the air-fuel ratio by adjusting the air flow to individual 
fuel-bed subdivisions in conformity with the quantity of fuel over 
that subdivision, even to the extent of undue throttling of air flow 
on an abnormally thin fire. 

As opposed to this conception, it is noted from the paper that 
the more recent design at Conners Creek functions so as to main- 
tain a constant flow of air to each fuel-bed subdivision and not to 
prevent dampers closing down below a predetermined figure. It 
would be interesting to have information as to the relative merits 
of the two systems and the reasons for the change. 

The setting of the damper in the box controlling each sub- 
division of the fuel bed is an indication of the thickness or con- 
dition of that fuel-bed subdivision where the stoker is operated on 
an air-fuel ratio as at Delray and Beacon Street. 

At Conners Creek, where there is the constant-flow-of-air sys- 
tem, it would appear that this feature is limited and cannot apply 
for fire thicknesses or air-flow resistance below the normal. 

It is noted from Fig. 11 of the paper that each subdivision on 
the Conners Creek stokers corresponds closely to that portion of 
the fuel bed which is solely under the control of one pusher, and it 
would appear from the text of the paper that damper-position 
indicators have been fitted on the third air-control system to be 
installed at Conners Creek. 

If, as is presumed, the meter boxes at Conners Creek are each 
arranged to supply air to those portions of the fire which are each 
solely under the control of one pusher, these damper-position 
indicators will in effect ‘‘tell’’ the operators which pushers, and to 
what extent each pusher, needs adjustment. 

It would appear, therefore, that in the later Conners Creek 
designs air-flow and coal control are correlated in such a way that 
the former prescribes the latter, whereas this is not true in the 
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same sense of the Delray and Beacon Street installations. This is 
a development of such substance that the writer would have 
expected it to receive greater emphasis in the paper because, as the 


_ authors observe under ‘‘Use of Fuel-Bed Shape,” coal control is 


basic and, irrespective of the air-distribution method available, is 
essential to efficient combustion. 

Undoubtedly, the ability to zone the air supply along the length 
of the grate is of greater value when control over distribution in a 
lateral direction is also obtainable. The air supply through the 
zone at the front of the grate can be restricted to prevent too high 
a rate of volatilization at that zone, thereby allowing more of the 
volatiles to be distilled nearer the rear of the stoker where the fuel 
bed is more porous and where, as a consequence, a higher rate of 
air flow is permissible. Presumably, that is why a higher per- 
centage of the total air is shown passing through the lower tuyére 
zone than passes through the upper tuyére zone as indicated in 
Fig. 10 of the paper. It is rather surprising to note the large 
percentage of air flow under the heading of “Setting Leakage and 
Unaccounted For.” The amount attributed to stoker leakage 
also leads one to the conclusion that the measurements have been 
taken on an old-style stoker without seals between the pushers 
and tuyére support sides. 

Greater detail might have been given about the method of 
maintaining zoning under conditions of changing load. The 
ability to maintain a constant air-fuel ratio under conditions of 
load change is a subject that should be of considerable interest to 
all power-station designers, and especially those having to con- 
tend with conditions involving low load factors. 


D.S. Jacosus.!° The paper gives evidence of the same painstak- 
ing developments that have been characteristic at the plants of the 
Detroit Edison Company. In discussing papers presented to the 
Society on the later developments and improvements, the writer 
has referred many times to his experience in making tests over 20 
years ago at the Delray Station. The paper shows that im- 
provements are still the order of the day and that the old practice 
of applying the best skill and technical knowledge to the opera- 
tion of the boiler plant is still in force. 

The data presented show that the zoning of the air supply to 
the stokers has led to worth-while improvements. The writer has 
seen the stokers at the Conners Creek plant in operation and the 
appearance of the fires and the conditions indicated by the instru- 
ments on the operating board were certainly very good. Those 
responsible for the development should be congratulated. 


AvuTHORS’ CLOSURE 


Mr. Armour’s discussion leads up to his final statement that 
where large coal-burning capacity is required, pulverized fuel 
should be used because of the simplicity of the installation and 
the ease of the application of control for maintaining daily opera- 
tion at the highest possible efficiency. The basis of selection of 
the fuel-burning equipment is much more complicated than this 
and does not come within the scope of this paper. 

As for the effects of manually controlled dampers, the operation 
of a simple damper based upon the observation of the fuel bed 
is quite different from the operation of a damper based upon an 
air-flow indication. It is particularly noticeable at all low 
combustion rates that the quantity of air passing through the 
extension grates ean be changed greatly without perceptibly 
altering the appearance of the fire. The change, however, is 
indicated by the CO: analysis. Although higher every-day 
operating efficiency with the manual-control system has not 
yet been demonstrated, the increased dependable fuel-burning 
rate does make this system an important improvement in the 
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art of fuel burning. Large stokers, where parts of the fuel bed 
cannot be easily observed, have been successfully operated for 
many years. Metered-air control is intended to improve the 
results obtained from their use. 

The possibility of objections to the frequent adjustments of 
the dampers usually depends upon the class of operator employed. 
High-class operators will recognize the benefits which equipment 
of this type provides, and will use it to the best of their ability 
without complaint. The men naturally expect to be busy during 
the periods of high combustion rates. 

While the automatic damper control does provide more uni- 
form regulation, it does not follow that highly sensitive auto- 
matic equipment is essential to the success of metered-air control. 
With the variable-size throats, such as are used at Beacon Street, 
the difference in air flow is negligible with a variation in gage 
differential of + 0.02 in. of water. Most of the gages can be 
kept within this range without too great difficulty. 

The optimum air distribution for the Beacon Street stokers, 
as shown by Fig. 10 of the paper is different from that which had 
been expected. This is due to the complicated process of under- 
feed-stoker combustion rather than to the deficiency of air in 
some areas and an excess in others. When insufficient air is 
supplied to the upper tuyére zone, smoke is visible above the 
fuel bed. This invariably will cause a smoky stack. Also it is 
possible to build an active coke bed over the extension grates 
when the combustion rate becomes moderately high, which pre- 
vents the admission of excess air at this point. With cold air, 
ignition progresses slowly and the volatile is not all liberated in 
the upper zone. Inspection of the stokers during shutdowns has 
revealed only partially coked coal above the pushers at the 
middle of the lower tuyére zone. The portion of air supplied to 
the upper tuyére zone can be increased considerably with only a 
small decrease in the CO» produced. 

The statement, to which Mr. Chatel refers, that the over- 
compensating feature of the Beacon Street manual control is 
not used might be explained in greater detail. Uneven air flow 
may be caused by clinkers or other congestion of the fuel bed 
or by an uneven fuel supply due to segregated, wet, or possibly 
frozen coal. Clinkers and matting of the fuel bed do not inter- 
fere greatly with the coal supply and if the predetermined quanti- 
ties of air are supplied to all sections, the fire will tend to remain 
even. 

Nonuniform coal supply is a different problem. Those re- 
torts receiving the smaller amounts of coal require less air or 
the section will burn thin. Adjustment of the pusher strokes 
may help the situation but cannot entirely correct the fuel-bed 
unevenness. When the combustion rate is less than 50 lb of coal 
per sq ft of grate area per hr, uneven coal feed, which is encoun- 
tered infrequently, apparently does not create a serious problem. 
The situation can be corrected by changing power-box speeds 
and maintaining the predetermined air flow. When the com- 
bustion rate is higher than 50 Ib per sq ft per hr, the problem 
may be somewhat more complicated. Under these conditions, 
the overcompensating feature has been found to be of con- 
siderable value, particularly for the extension grates and lower 
tuyéres. 

The description by Messrs. Eaton and Stickle of the air- 
control installation at the Edgar Station in Boston is appreciated. 
Answers to their questions are as follows: 

1 The original stoker at Delray had six pushers and six air- 
control zones. To eliminate the trouble from siftings which in- 
terfered with the air-control box operation, the air-control system 
was rebuilt to have four zones. At about the same time, changes 
were made in the coal-pusher arrangements to improve the 
control of the fuel bed and to prevent siftings. Four large pushers 
separated by fixed coal plates were substituted for the six moving 
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pushers. While no great stress was given to the fact that the 
number of pushers equalled the number of zones, it was thought 
that this arrangement would be convenient for making pusher 
adjustments to help maintain a uniform air flow and fuel-bed 
resistance. 

2 It is believed that the upper curve of Fig. 9 of the paper 
represents more accurately the CO: produced than a straight line 
drawn mathematically through the points. There is, however, 
some tendency for the CO, at the boiler outlet to fall off slightly 
with boiler loads over 450,000 lb of steam per hr. This is due 
to infiltration into the boiler setting, rather than to combustion 
characteristics. 

3 The plenum chamber of boiler No. 5 at Beacon Street is 
divided into an upper and lower section by a partition which 
also acts as a siftings hopper. This is not shown in Fig. 8 of the 
paper. Air is delivered to the lower section from the fan. The 
meter boxes, attached to the bottom of the tuyére boxes, extend 
through this partition and receive air from the lower chamber. 
Air from the lower chamber passes through a large meter to the 
upper chamber and enters the fuel bed through small openings 
around the pushers and elsewhere. The air passing through this 
meter, called stoker leakage, enters the fuel bed from the plenum 
chamber but is not subject to control by the air-control system. 
This arrangement was purely experimental, and is not regarded 
as a standard feature. 

4 The decreased maintenance seems to be general rather 
than confined to any one part of the stoker. 

5 No provision, other than that for the control of siftings 
through the stoker has been made to minimize the leakage of air 
around the stoker pushers at Beacon Street. At Delray and Con- 
ners Creek, the sifting and air leakage around the pushers has 
been reduced greatly by using dead plates between the pushers, 
by reducing the clearance between the pushers and tuyére-box 
sides, and by using a spring type of wiper between the stationary 
and moving parts. 

6 The arrangement for supplying air by retorts at Conners 
Creek is quite simple. The meter boxes are located several feet 
below the tuyére supports and the duct leading to the tuyéres 
is divided so there are several feet of clear space directly below 
the pushers. Permanent gratings, extending across the plenum 
chamber, are located so that all parts under the stoker can be 
reached. This provides adequate access. At present it appears 
that the pushers and driving mechanism will require very little 
maintenance. 

Mr. Landis shows in his discussion that Hudson Avenue opera- 
tion produces little, if any, gain in operating economies with the 
use of manual metered-air control beyond a very remarkable 
increase in maximum possible coal-burning rate. This essentially 
agrees with the Beacon Street operating results, where normal 
operating attention to damper adjustments by the fireman on 
a boiler equipped with a manual metered-air control produced 
only an insignificant gain in the efficiency of combustion over 
that possible with a similar boiler not so equipped. 

Mr. Landis is correct in stating that gain in capacity is ac- 
companied by decreasing efficiency because the losses, especially 
to the stack, must necessarily be greater at the peak load possible 
with metered-air control as compared to the peak load possible 
without control. On the other hand, the comparable efficiency 
when operating with metered-air control at a load equal to the 
peak possible without metered-air control would show a value in 
favor of use of the control equipment. 

Any additional benefits which may be derived from the use of 
metered-air control when applied to a long, single-ended stoker 
as compared to that for a shorter, double-ended stoker of similar 
total area cannot, as yet, be answered by the authors from 
experience with present installations in The Detroit Edison Com- 


pany. The first installation has been made on one of the long 
stokers at Delray No. 3 using control equipment duplicating the 
Conners Creek design. Principally, the purpose of installations 
on these boilers is to increase the efficiency of combustion and 
reduce the expense of iron replacement in the furnace. The 
possibility of any considerable increase in load-carrying capacity 
of the boiler is rather remote unless additional fan capacity is 
provided over that now available. Up to the present time, 
sufficient experience and data to substantiate or refute the state- 
ment of Mr. Landis are not available. 

Mr. Stahl expresses certain facts relative to the usefulness 
in operation of equipment for metered-air control. Efficiency of 
combustion which is a function of excess air, or COs, of the 
flue gases may be governed to some extent by the attention given 
to adjustment of the dampers for metered-air control. This fact 
has been proved at Beacon Street, and is a principal feature of 
the automatic metered-air control where constant and sub- 
stantially instantaneous readjustment is always available as 
needed. 

Sir Leonard Pearce points out apparent differences in operating 
principle of the Conners Creek design as compared to that 
previously used at Delray No. 3 and Beacon Street. 

Actually, there is no difference beyond the mechanical method 
of applying the control. The basic principle of each from the 
standpoint of controlling the admission of air to the fuel bed is, 
for any particular load or rate of burning, to maintain a constant 
and predetermined distribution of air-flow quantity to the various 
fuel-bed subdivisions. From the standpoint of fuel-bed control 
they differ in that the Conners Creek design does not attempt 
to correct an uneven fuel-bed condition but does tend to prevent 
the occurrence through its almost instantaneous action in main- 
taining a constant-flow quantity at any load. If such a condition 
should develop, caused by clinkering or uneven fuel movement 
on the stoker or in the stoker hopper, the correction is a duty of 
the operator, to be accomplished through adjustment of the 
stoker. At Beacon Street the procedure is the same except that 
it is possible, if desired, to change the air-fuel ratio at the par- 
ticular spot of congestion to accelerate a correction. In the origi- 
nal Delray installation, the air-control equipment was expected 
automatically to correct an uneven condition in any subdivision 
area through overcompensation, or change in air-fuel ratio, as 
already described. It could not correct a clinkering condi- 
tion or uneven coal flow and for that reason also required the 
same manual attention by the operator. Obviously, also, because 
the Delray equipment lacked the sensitiveness that is present in 
the Conners Creek equipment, any normal unevenness of the fuel 
bed could not be prevented. 

The establishment of fuel-bed shape as a means of air-distribu- 
tion control in stokers where metered-air control is not available 
should not be confused with the establishment of the fuel bed 
in stokers where metered-air control is available. In the first 
instance, ‘‘shape” establishes a resistance pattern which roughly 
zones the air supply, in addition to distribution and movement 
of the fuel on the grate according to the load. In the second 
instance, ‘‘shape’”’ need be concerned only with distribution and 
movement of fuel on the grate according to the load. 

The maintenance of zone distribution ratio with varying load 
has been successfully solved through the development of auto- 
matic master controls for zone loading of the controllers, actuated 
from plenum-chamber pressure. For the present design, this 
ratio is maintained at a constant value irrespective of load, unless 
manually varied, although arrangements to vary the ratio 
automatically with load have been devised. Operating tests have 
shown that any considerable change in the distribution ratio 
with load is not required to maintain good combustion con- 
sistently. ’ 
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Locomotive and Car-Journal Lubri- 
cation’ 


L. K. Sittcox.? The provision of adequate lubricating means 


‘and the service lubrication attention accorded all types of bear- 


ings can be quite properly considered as preventive mainte- 
nance. Its function is to forestall the positive failure which would 
occur should lubrication be interrupted. In so far as car-journal 


lubrication is concerned, the fact that hot-box and journal-bear- 


ing failures are not more prevalent in view of the frequent mal- 
treatment and mishandling which they receive under typical 
maintenance conditions is a tribute to the design as is the fact 
that the standard brass has been perpetuated through the years 
without substantial change. The dependence which has been 
placed upon the raising of the lubricant from journal-box well to 
the journal surface by capillary action is entirely well founded. 
Difficulties are experienced, of course, and hot boxes are far from 
unknown but, with records showing 200,000 freight-car miles or 
1,600,000 journal miles per hot box, equivalent to one hot box 
per 20 years for a car which operates 10,000 miles annually, 
the question of how much a railroad can afford to pay, either in 
an improved mechanism for delivering the lubricant to the 
bearing, in improved bearing design, or in more exacting main- 


, tenance, is a question to which no answer can be made directly. 
A hot box is a serious and costly type of potential train failure 


when the train and lading delay, possible damage to the journal, 
and inherent hazard are considered in addition to the switching 
cost and routine corrective measures which must be taken. With 
all the facts before him and with an assured performance guarantee 
of an alternate journal assembly design, the railway mechanical 
officer can reduce costs to a tangible basis for an advised de- 
cision. Unfortunately, accurate costs are seldom available. 

Very interesting is the fact that on a car-mile basis, approxi- 
mately half the number of passenger-car journal bearings are 
renewed as compared with the corresponding freight-car figures, 
notwithstanding the fact that the majority of passenger cars 
have 50 per cent more journals per car and carry a uniform load 
more nearly in line with journal capacity. The writer expects 
that the author would assign the reason for this to more careful 
inspection, expert attention, the universal practice of initially 
fitting bearings to passenger-car journal diameter, and probably 
the more strict maintenance of the journal-box assembly with 
particular reference to the journal-box lids, dust guards, waste 
packs, and plugs. The fact that a passenger car operates more 
miles per year than a freight car, moving a far greater propor- 
tion of the time and at higher speed, would also be a factor in 
improving bearing performance and the writer is not sure that 
the improved suspension of the car body and the better wheel 
maintenance do not have a preponderant influence. While 
laboratory tests are seldom conducted in a fashion which would 
permit assignment of responsibility to these various causes, 
perhaps the field survey which provided the comparative bearing 
renewal figures is subject to analysis which would shed some light 
on these questions. If, as a result of his investigation, the 
author can provide an explanation of the conditions to which 
he refers as they relate to comparative performance as di- 
vided between freight and passenger services and as between 
the two railways whose records he cites, such further data 
would be helpful in appraising the facts and would serve as a 
guide in fixing maintenance practices. 

Stress is laid upon the proper fitting of the bearing to the 
journal on its initial application. The writer has reason to draw 
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a reasonable parallel between the exposed contact surface of a 
journal bearing and that of a brake shoe. Paradoxically, in the 
art of train braking, we seek adequate area to provide an ef- 
fective full-contact friction element. In bearing practice, ample 
bearing area has the effect of reducing frictional resistance. In 
both cases, of course, the aim is to avoid concentrated-pressure 
areas with high local heating, damage to bearing in the one case, 
and damage to wheel tread or rapid abrasion of the brake shoe 
in the other. It would be impracticable to fit brake shoes to 
wheels even though it has been repeatedly shown that improperly 
fitting brake shoes (new shoes) prolong stopping distances 20 to 
30 per cent. Brake shoes wear quickly into conformity with the 
contour of the wheel tread; journal bearings do not. The broach- 
ing of all journal bearings of one standard size to a common 
diameter, would probably insure continuous contact throughout 
the length of the bearing but, unless the diameters of both bear- 
ing bore and journal conform, concentrated pressures may re- 
sult. Proper fitting must be a selective procedure and the ques- 
tion must be settled as to whether or not the benefit is consistent 
with the cost. 

The distribution of fluid pressure within a lubricated bearing, 
giving rise to schemes which would take advantage of hydro- 
dynamic action to feed the lubricant to the zones of highest 
pressure was first analyzed by Osborne Reynolds who interpreted 
the results of experiments conducted in 1883 by Beauchamp 
Tower for a Committee of the Institute of Mechanical Engineers. 
A partial bearing with a spanning are of 157 deg, markedly similar 
to those common in railway service, was used in these tests and 
pressure-distribution curves were constructed, both longitudinally 
and transversely of the contact surfaces. These took the identical 
form of the curves presented by the author in Fig. 15 of the paper. 
The early experiments had the immediate effect of modifying 
practice in the milling of distribution grooves in the bearing face 
to prevent the conduction of lubricant out of the bearing at the 
ends and to discourage cutting away the bearing surface in the 
region of maximum pressure. While the theory underlying this 
procedure has been known for many years, it has too often been 
disregarded. Likewise, the desirability of properly chamfering 
the leading edge of a partial bearing to provide a fluid wedge is 
not always respected. The scientific use of hydrostatic pressure 
to circulate the lubricant may be very properly employed pro- 
vided the cost of adapting the construction to utilize the principle 
is in keeping with the practical benefit derived. 

Independent tests which have been conducted at various times 
to determine the relative frictional resistance of plain and roller 
bearings in railway service display widely different results 
throughout the entire speed range. All agree as to the ability of 
roller bearings to reduce bearing friction at starting to a fraction 
of the value attendant upon the use of A.A.R. plain bearings. 
The comparative values beyond very low speeds are apparently 
still in question. Then, too, the variation in their respective 
characteristics with temperature differences and lubricant selec- 
tion merits careful investigation. The conclusions which might 
be drawn from Fig. 25 of the paper may be very misleading unless 
the actual circumstances surrounding the separate values from 
which the curves were constructed are known and unless the 
curves represent the average of a sufficient number of observations 
to make them truly representative of results under stated con- 
ditions. Below a speed of 5 mph, a decided reduction in bearing 
friction, favorable to the antifriction type, would be assured. 
While, with the practice of taking slack in starting, this may not 
permit an increase in the tonnage which a locomotive can handle, 
roller-bearing applications do assist toward permitting smoother 
starts, a benefit in the directions of, first, equipment maintenance, 
second, damage to lading, and third, comfort of passengers. No 
inflexible rule can be laid down to define the economical field for 
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application of any bearing type such as A.A.R. standard, modi- 
fied plain bearings, or roller bearings, and the need is for complete, 
definite, and reliable information relating to the performance of 
each which will permit proper evaluation of their respective 
merits. 


Roserr Jos.? Under the heading ‘‘Method of Broaching 
Bearings,” the author states: ‘‘The conclusion drawn from 
the comparisons studied are that the proper broaching of bear- 
ings is essential to a low coefficient of friction and a satisfactory 
operation.”’ This conclusion would be accepted if a new bear- 
ing were applied to anew journal, but might require some modi- 
fication if a newly broached bearing were applied to a more or 
less worn journal, as generally is the case in practice. Under the 
latter conditions, the advantage derived from broaching might be 
offset by the disadvantage resulting from the worn condition of 
the journal, and the writer would be glad to know just what 
modification the author would recommend in order to secure the 
best possible fit under such conditions, particularly if the bearing 
were changed at a distance from the shops. 


TABLE 1 CANADIAN same SPECIFICATIONS FOR CAR 
New Reclaimed 
oil oil 
Specific gravity at 60 F, deg A.P.I................. 25 19.1 
Blaahlh Point eee hiss oak Ss I eee 360 360 
Viscosity, Saybolt Universal, at 100 F, sec.......... 200 203 
Viscosity, Saybolt Universal, at 210 F, sec.......... 45 46 
Cole dept 10 gcse. ages s Soe odonerery eeapeliy oememnieds tence oo —30 
Volatile:at 212° EH percent. coco... scomashe eects 0.5 Ag 
Précipitation Noms 12. Sis Se Re ee eee 0 0.35 


Under the heading ‘‘Oils,’’ the author states: “Generally, it 
may be presumed that the tabulated specification requirements of 
the A.A.R., as shown in Table 1, are representative of present 
practice.’ This statement, however, is incorrect as applied to 
roads operating in the Northern and Northwestern states and in 
Canada, where winter temperatures at times are liable to be very 
low, and under such conditions the A.A.R. all-year oil, accepting 
a pour point of 0 F, has proved unserviceable and unsatisfactory. 
It should also be remembered that under the standard A.S.T.M. 
method for pour point, which is specified by the A.A.R., an oil 
might be accepted which, after being frozen, would remain solid 
at 25 F, although after the special preheating to 115 F specified 
by the A.S.T.M. method, this same oil might remain liquid down 
to 0 F and, therefore, pass the specification requirements. This 
anomalous condition caused so much trouble in service that the 
A.S.T.M. method for pour point was discarded by the writer’s 
company some years ago as it gave misleading results, and the 
writer took occasion to bring this to the attention of the A.S.M.E. 
and the A.S.T.M. in December, 1933. 

In conducting the cold test of these oils, the writer’s company 
first freezes the oil solid, in line with the conditions in service, 
and then removes it from the freezing bath and stirs carefully until 
the oil flows. This temperature is taken as the “cold test” of 
the oil. This method is essentially the same as that used by 
Dr. C. B. Dudley many years ago. In our practice dry ice in 
acetone is used as the freezing mixture. It may be of interest 
to mention that the properties of the new and reclaimed car 
oil used on Canadian National Railways are about as given in 
Table 1. 

The author very properly points out that the use of sum- 
mer and winter car oils is impracticable, and it might be added, 
the farther north the oil is used, the more unsatisfactory the 
service. 

The writer would like to mention the necessity of the pre- 
cautions recommended to exclude dirt and water from journal 
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boxes by keeping them tight. It has been the writer’s experience 
that over 75 per cent of hot boxes are attributable in one way or 
another to the presence of water in the box. This is a mechanical 
feature which it is particularly fitting to mention, since it im- 
presses the importance of simple and effective means of exclud- 
ing dirt and water from the boxes under service conditions. 


J. R. Jacxson.* Aside from the preliminary statistical infor- 
mation and general description of his laboratory, the writer 
believes that the author has made four major points relating to 
oil-waste journal lubrication, namely, (1) bearings, (2) oils, 
(3) waste and packing, and (4) dust guards. While these should 
be considered collectively in a general study of the problem of 
journal lubrication, the writer will discuss each one separately. 

Bearings. The author’s presentation covering this point is 
particularly noteworthy in that he has established the character- 
istics of the present standard conventional plain car-journal bear- 
ing and, through progressive steps, developed modifications in the 
method of preparing the bearing surface and in the lubricating 
system which constitute a decided improvement in test-plant 
performance for the modified bearing over the conventional 
bearing. 

That these improvements shown in the laboratory are to be 
realized in service is being established on the railroad with which 
the writer is connected by service tests during the past 2!/2 
years of one hundred 5 X 9-in. and one hundred 5!/2 X 10-in. 
vacuum-type bearings under passenger equipment and twelve 
61/, X 12-in. vacuum-type bearings under freight locomotives 
on engine-truck and trailer-wheel journals run in comparison with 
the conventional plain bearings in parallel service. While these 
tests are still in progress, it is quite evident from the service data 
available to date, that the vacuum-type bearing gives longer 
service life and more reliable journal lubrication, other things 
being equal, than does the present standard plain bearing. 

Comparative laboratory tests made with a vacuum-type bear- 
ing and a roller bearing run under the same conditions of load and 
with the same grade of lubricant, as presented by the author, show 
that the frictional resistance of the roller bearing exceeds that 
of the vacuum type at all speeds above approximately 6 mph., 
thus indicating that the possibilities of the present type of journal- 
box have not been exhausted and that roller bearings, from the 
standpoint of running train resistance at least, are not essential 
to high-speed or even moderate-speed train operation. 

Oils. While it has long been the practice of the railroads of 
this country to purchase car oils to meet certain chemical tests 
as set up in the conventional specifications, the writer agrees with 
the author that there is a question as to the value of these present 
specification constants toward determining the lubricating value 
of an oil. In the writer’s experience they serve, at best, as a 
rough check on the uniformity of the oils purchased to a given 
specification over a period of time. 

It is true that the oils conforming to present specification values 
have a background of years of service and millions of car miles 
and have been considered as adequate but, with the rapid develop- 
ments in the art of producing lubricating oils during the past 
several years it is becoming more and more evident that speci- 
fications for a lubricating oil should be based on physical as well 
as on chemical properties. This applies to the renovated or 
reclaimed oils which are becoming more and more commonly 
used for car-journal lubrication, as well as to the new oils. 

It would appear that an all-year car oil for all railroads in this 
country is a possibility along with the maintenance of the desired 
lubricating qualities of that oil after being renovated. The thing 
that stands in the way of accomplishing this ideal seems to be the 
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divergence in the opinions of both manufacturers and users of 
this class of lubricant and the solution would appear to lie in well- 
considered and well-executed laboratory research to develop the 
facts as applying to the problem as a whole, proving of the labo- 
ratory tests by service tests in actual road service, and final adop- 
tion and enforcement of the essential physical and chemical 
specifications covering the grade or grades of oil finally worked out. 

Waste and Packing. Because of the fact that the great ma- 


. jority of car journals on American railway equipment depend on 


oil-saturated waste packing to store and feed the oil to the journal, 
this is an important subject in the consideration of the problem 
of car-journal lubricating. Here again, there is a considerable 
divergence of opinion as to what is the proper material or com- 
bination of materials for the new waste to be used in making up 
the packing and consequently there is little uniformity in the 
practices of the railroads of this country in this respect. In the 
case of the reclaimed or renovated packing, as the author points 
out, there is a decided need for the development and adoption of 
specification requirements to take the place of the rather vague 
and loosely drawn rules which now govern this item as applying 
to the grade of packing acceptable in cars in interchange service. 

Dust Guards. The need for a dust guard has long been recog- 
nized as evidenced by the provision for these members in earliest 
designs of the car-journal boxes, but it was left to the author of 
this paper to demonstrate the shortcomings of the conventional 
designs and constructions and, through well-considered research 
to develop a design to function as originally intended in a box 
having a comparatively rough-cored dust-guard cavity. 

The writer’s experience with several hundred of the style-B 
dust guards operated on through-passenger equipment during the 
past summer through territory where dust storms were causing 
unusually difficult operating conditions, proved their superiority 
over the conventional designs in a most conclusive manner. 

In closing this discussion the writer wishes to compliment the 
author on his excellent presentation which should serve to 
stimulate interest in lubrication. It appears quite evident that 
improvement in car-journal lubrication can best be accomplished 
through consideration of the journal box as a whole, leading to- 
ward the improvement in details of the design of essential parts, 
in the lubricant and in the method of feeding the lubricant to 
the journal with the view of developing a correlation of parts, 
materials, and practices to insure operation without attention over 
extended periods of time to meet future requirements. It is 
further apparent that this end can best be reached through co- 
ordinated research and development for the railroads of the 
country as a whole rather than through the present method of 
individual experimentation and testing carried on by the several 
roads. 


B. W. Tayitor.® With reference to Fig. 25 of the paper, which 
shows frictional resistance plotted against speed for a roller bear- 
ing and for plain bearing No. 18 the writer wishes to point out 
that tests and investigations made in the research laboratories of 
the SKF Industries do not check with the results obtained by the 
author. The investigations referred to by the writer show that 
the roller bearing customarily used by SKF Industries for a 
51/. X 10-in. journal should have a frictional resistance of approxi- 
mately 0.7 lb per ton when loaded to 16,600 Ib. This quantity 
is subject to some variation even under test conditions and to 
considerable variation in practical operation. In the laboratory 
tests under the conditions referred to by the writer, frictional re- 
sistance has been found to be 0.9 Ib per ton at 64 mph. At this 
point the approximate values given by the author in Fig. 25 are 
1 Ib per ton for bearing No. 18 and 1.25 Ib per ton for the roller 

‘Railway Engineer, SKF Industries, Inc., Philadelphia, Pa. 
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bearing. Quite aside from the absolute values given it is difficult 
to see any reason why the roller-bearing curve should have the 
variation in slope which it shows between 10 and 70 mph. 
To the best of the writer’s knowledge all the recorded tests indi- 
cate that this is a smooth and uniform curve, and approximately 
a straight line. 

In any such: comparison of roller and oil-film bearings the 
proper way to deal with the question is by an examination of the 
basic frictional characteristics of the two types of bearings. 
These characteristics are entirely different and may be illustrated 
in principle by the curve shown in Fig. 1 of this discussion. In 
this curve the coefficient of friction is plotted against the so- 
called single criterion ZN/P, where Z is the viscosity of the 
lubricant in centipoises, N is the speed, and P is the bearing pres- 
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sure per square inch of projected area. Both the ordinate and 
abscissa of these curves are dimensionless units and the factor 
ZN/P has been shown by a number of investigators to be a 
rational measure of the coefficient of friction. For any plain 
or oil-film bearing there is an optimum point A which has a mini- 
mum coefficient of friction. All points on the curve which lie 
to the right of A are in a region of stable lubrication where the 
oil film is completely maintained but with variation in coefficient 
of friction as indicated. All points to the left of A are in a region 
of unstable lubrication where an incomplete oil film obtains and 
where a hot bearing is liable to occur at any time. 

The basic difference between the oil-film bearing and the roller 
bearing, whether it has tapered, spherical, or cylindrical rollers, 
is that the curve for the latter type is practically flat and has no 
critical point. For a roller bearing there will be a slight variation 
in coefficient of friction with speed, but it is very slight and will be 
more pronounced for lightly loaded bearings than for heavier- 
loaded bearings such as used on railway journals. It is quite 
possible for the frictional characteristic of a roller bearing to be 
above the optimum point of the plain bearing as shown by curve 
B. Itis possible to obtain such results with the best design of a 
plain bearing. On the other hand the curve may occur below the 
optimum point as shown by C. This again is somewhat beside 
the point so far as practical considerations are concerned. The 
thing of major importance is that any oil-film bearing, whether of 
the standard A.A.R. type, or like bearing No. 18 as developed 
by the author, has a critical point, variations from which will 
produce either a hot bearing or a substantial increase in bearing 
friction. Attention is called to the fact that the roller bearing 
has no such critical point. 

A number of investigators have studied these characteristics 


414 


of oil-film bearings and the writer believes that the ZN /P con- 
cept was first set forth by Wilson and Barnett.® 

The writer quotes from the paper by Wilson and Barnett:6 
“The value of the ball and roller types of bearings lies not in their 
given coefficients as low as are obtainable near the critical points 
for good journal bearings, but in the fact that they give a very 
flat curve of moderate height with no critical point and sharp 
rise in the coefficient at low values of ZN /P.” 


R. J. Brrrrain.? The author’s Fig. 25 indicates that the plain 
bearing has an advantage over the roller bearing in frictional 
resistance. No other reference to a roller-bearing test is made in 
the paper. It would be of considerable interest to have further 
particulars, including type of bearing, comparative size with the 
plain bearing, and method of mounting and loading. The results 
of laboratory tests made by the Hyatt Roller Bearing Company 
do not agree with the author’s Fig. 25. The tests to which the 
writer refers indicate that journal resistance per ton increases 
with the speed from about 100 rpm (10 mph) for both plain 
bearings and roller bearings, and have also shown the roller- 
bearing resistance to be less than the plain-bearing resistance. 
The tests of journal resistance were made on standard 5 X 9-in. 
journals under 15,500-lb load. They indicate a starting journal 
resistance of 16.8 lb per ton for plain bearings, which decreases 
to slightly over 1 lb per ton at 100 rpm, and which then increases 
with the speed to about 1.4 lb per ton at 600 rpm. The roller- 
bearing journal resistance starts at about 0.42 Ib per ton and 
increases to about 0.66 Ib per ton at 600 rpm. These tests were 
all made with winter-grade car oil. 

Service tests made by a large middle-western railroad also 
indicate a decided advantage for roller bearings. These tests 
made with dynamometer showed total train resistance on seven- 
car trains made up of 50-ton passenger coaches with 5 X 9-in. 
journals. Starting resistance, when started with the locomotive, 
was 29.25 lb per ton for the plain-bearing train and 5.5 lb per 
ton for the roller-bearing train. When started with a winch, the 
plain-bearing train registered 30 lb per ton, and the roller-bear- 
ing train 3.75 lb per ton. At 10 mph the plain-bearing train re- 
quired 6.25 lb per ton, and the roller-bearing train 4.10 lb per ton. 
The values increased with the speed and at 40 mph showed 10.25 
lb per ton for the plain-bearing train and 7.3 lb per ton for the 
roller-bearing train. 

It has been found that the grade of lubricant has considerable 
effect on the amount of power consumed internally by a roller 
bearing. The use of a heavy oil will greatly increase the ap- 
parent coefficient of friction. In reality, this increase has nothing 
to do with the bearing but is the added power required to over- 
come the drag of the heavy lubricant. 

Contrary to a plain bearing, a roller bearing does not support 
its load by means of an oil film. It is supported by contact of 
the rolling elements of the bearing. Therefore, roller bearings 
are much less susceptible to lubrication conditions than plain 
bearings. The only practical consideration necessary is that some 
lubricant be present on the operating surfaces to lubricate cage 
contacts and prevent rust. No so-called antifriction bearing is 
so completely free from friction. If it were, no lubrication would 
be necessary. Any oil that will properly lubricate a plain bearing 
will answer for a roller bearing. The so-called all-year car oils 
of the straight mineral variety are giving excellent service. 

One point not covered in the paper is the effect of lateral motion 
and thrust loads on the wear of plain journals. This is par- 


6 “Mechanism of Lubrication,’ by R. E. Wilson and D. P. 
Barnett, Journal of the Society of Automotive Engineers, vol. 2, 1922, 
pp. 49-60. 
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ticularly apparent in motor-driven axles, where fillet wear is: 
responsible for a considerable percentage of condemned axles. 
It would appear to the writer that there is as much room for im- 
provement in the thrust-load capacity of the plain bearings as. 
in the radial-load capacity. 

Also, the paper does not take into account the effect of a worn 
wedge. Fora 5!/2 X 10-in. journal there might be an allowable 
flat spot up to 5!/, in. wide on the top of the wedge. This 
would allow greater loads at the ends of the bearing due to 
misalignment between axle and box. 

The writer agrees that proper sealing of the journal box against 
oil loss and against the entrance of foreign matter is of prime im~ 
portance. Most plain-bearing boxes are deficient in this re- 
spect. Many of the early attempts at applying roller bearings 
also did not provide adequately for these contingencies. The 
result was not only excessive loss of oil, but an unsightly truck 
condition which invited the accumulation of road dirt and brake- 
shoe dust. Foreign matter entering the box contaminated the 
lubricant and promoted wear. Continuous research and develop- 
ment have overcome these difficulties, so that now roller-bearing 
journal boxes retain their lubricant over long periods and keep 
it in a clean and usable condition. Instances are on record of 
over 75,000 miles of high-speed operation without the addition of 
lubricant. Another case showed four months of main-line opera- 
tion between New York and Chicago without adding oil. There- 
fore, a monthly or bimonthly check of oil levels is practically the 
only running maintenance necessary for roller-bearing boxes. 
It will thus be realized that the cost for roller-bearing lubrication 
is a small fraction of that for plain bearings. All labor and 
material incident to the preparation and application of box 
packing is eliminated. Much less free oil is used. Thus the 
item of $15,000,000 per year mentioned by the author as the 
direct cost of plain-journal lubrication would be reduced to a 
relatively small figure. Indirect costs would also be reduced 
greatly through the practical elimination of hot boxes and running 
repairs. 


W. C. Sanpers’ anp O. L. Maaa.® The writers believe the 
author has well expressed the object of railroad friction-bearing 
lubrication in the opening paragraphs of his paper. However, 
the writers are of the opinion that not only improvement in 
lubrication but also improvement in the journal bearing itself 
has the same object, namely to insure “continuity and dependa- 
bility of operation of the various units of railroad rolling stock, 
and reduce friction and consequent wear resulting from opera- 
tion.” 

Antifriction bearings have hardly been given due consideration 
in this paper. Their use has been steadily increasing during re- 
cent years and service records show many antifriction bearings 
with records of more than 1,000,000 miles in passenger-car service 
as opposed to the 30,000 miles ordinarily admitted for friction 
bearings. Even when friction bearings last the 80,000 miles 
indicated by the author’s minimum figure of 0.99 bearing per 
10,000 car miles, the comparison still is striking. 

Furthermore, the writers cannot agree with the thought ex- 
pressed by the author in the following paragraph in the paper: 
“Tt may be assumed that the present journal bearing and its 
related parts must have given a great measure of satisfaction in 
the past because it has remained practically unchanged in the 
face of advances in mechanical development in the last 20 years.”’ 
The author would have been safe in saying 40 years. 

The author cites the automotive industry in connection with 
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bearing developments and practice, and in that we concur. 
It is generally conceded that without the antifriction bearing 
+he automotive industry could not have survived, much less have 
attained to present sensational development. 

Lubrication costs, as a premium willingly paid on insurance 
against breakdowns in service, presents the subject in an interest- 
ing and favorable fashion, yet even premiums take a toll from 
railroad revenues and must be given due consideration. Con- 
sequently any development which tends to reduce operating and 
maintenance costs merits attention. 

In the paper it is stated that on one particular railroad from 
20 to 40 per cent (2400 to 4800 pairs of wheels) of the total 
friction-bearing wheel assemblies removed in running repairs 
per year were removed from service because of cut journals. A 
device which permits trouble in this quantity should not be con- 
sidered satisfactory. In addition, the frequent inspection required 
to keep the friction bearing in serviceable condition is undesirable. 

Hot boxes should be considered expensive luxuries, even 
though a railroad bearing must go into immediate full service 
without any run in. With tapered roller bearings, a complete 
unit accurately assembled and running in an oil bath is available, 
thus eliminating the factor of hot boxes from further consideration. 
Even with the new type of bearing described by the author, 
the problem remains of fitting the bearings to used journals of dif- 
ferent diameters and surfaces and of depending upon waste and 
oil for lubrication. 

When it is necessary to remove wheels for worn-out tread or 
tread defects, the roller-bearing journal box is removed as a 
unit at the same time and with the same operation used in 
removing the wheels. The journal box is also reapplied as a 
unit when new wheels are applied to the axle. 

Of equal interest is the record on oil consumption. Where 
plain bearings consume from 1.54 to 3.35 gal of oil per 10,000 

passenger-car miles, roller bearings use only 0.25 gal, or 90 per 
cent less. This saving is supplemented by the complete elimina- 
tion of waste. Further, those two savings in material costs are 
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augmented by reduced labor charges, for monthly or in some cases 
90-day inspections of oil levels in roller-bearing journal boxes 
are ample as compared with divisional inspections where plain 
bearings are used. Comparisons could likewise be made in the 
case of locomotive axle bearings, where roller bearings are steadily 
increasing in favor both on passenger and freight equipment. 
A total of 67 per cent of all steam and electric locomotives built 
in 1934 were completely equipped with roller bearings on all axles. 
This development was disregarded in the paper under discussion. 
In the case of the new streamlined high-speed trains no adequate 
comparison between friction and antifriction bearings is possible, 
for practically all the new high-speed trains are mounted on anti- 
friction bearings. 

The curve presented in Fig. 25 of the paper invites comment. 
Under laboratory conditions with pressure oil lubrication produc- 
ing an unfailing oil film, it is possible to show much lower fric- 
tional resistance in plain bearings, within certain speed limits, 
than could possibly be secured in actual railroad service. In this 
connection attention is called to Figs. 2, 3, and 4 of this discussion 
which show the results of comparative tests between A.A.R. fric- 
tion journal bearings and Timken railroad journal bearings which 
were made in the testing laboratory of the Timken Roller Bear- 
ing Company. The main difference between these Timken tests 
and the tests conducted by the author is that while the author 
based his tests on ideal conditions which could not be duplicated 
in actual service, such as the use of refrigeration to keep the 
bearing cool, the Timken tests were made under conditions that 
simulated as nearly as possible the conditions actually en- 
countered in railroad operation. The friction bearings and the 
tapered roller bearings used in this test were 6 X 11 in. axle size. 
The loads were 4 tons per journal, representing an empty car; 
8 tons per journal, representing a partially loaded car; and 12 
tons per journal, representing a fully loaded car. The writers 
believe that the Timken tests were much fairer to both types of 
bearings, and that the results would undoubtedly be much closer 
to the results of actual operating conditions. Inasmuch as rail- 
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road bearings must be used under railroad conditions, it is ob- 
vious that laboratory tests such as those conducted by the 
author cannot be taken too seriously. 

While on the subject of laboratory tests, it is interesting to 
note that the axle used in connection with the author’s plain- 
bearing tests was supported on roller bearings. Thus it is some- 
what difficult to realize which type of bearing was actually being 
tested—the plain bearing mounted on the end of the axle, or 
the roller bearing supporting the axle. 

The only final test is that of service. Such tests were made 
by the Timken Roller Bearing Company on a 100-car train and 
were reported in detail by T. V. Buckwalter.!° For convenience, 
certain of the data as presented by Buckwalter! are summarized 
as follows: 

A 100-car train was tested in service for a total of 3,000,000 
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car miles, and complete trains or single cars have been tested 
under the following conditions in comparison with plain-bearing 
cars of identical capacity. These tests comprise running re- 
sistance tests of loaded and empty cars, under both summer and 
winter conditions. The tests were made starting cold and after 
obtaining equilibrium temperature. There were starting tests 
for complete trains, starting tests for single cars, acceleration 
tests for complete trains, and tonnage-rating tests for complete 
trains. 

The data, as regards running tests and starting tests of single 
cars in addition to the accumulated service of the 100 cars over 
a period of three years, permit drawing of reasonable deductions 
as to the value of roller-bearing equipment in railroad service. 

The breakaway resistance of the roller-bearing cars, as 
developed in 115 tests, was slightly in excess of the low-speed 
rolling resistance, as compared with the breakaway resistance of 


10 “Roller-Bearing Service in Locomotive, Passenger, and Freight 
Equipment,” by T. V. Buckwalter, Trans A.S.M.E., vol. 56, 1934, 
paper RR-56-1, p. 23. 
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the plain-bearing cars, which is ten or more times the lowest 
rolling resistance. This characteristic should be reflected in 
reduction of wear and tear in couplers, draft gear, and car bodies, 
and in reducing the strain on locomotives in starting. 

The running resistance tests indicate a reduction in rolling 
resistance of the roller-bearing throughout the entire speed range. 
The reduction is considerable in starting cold trains, amounting 
to approximately 40 per cent. A reduction of 16 to 28 per cent, 
varying with weather conditions, is indicated after ten miles of 
operation as shown in Figs. 5 and 6 of this discussion. 

The reduction of the equilibrium point, attained after approxi- 
mately 20 miles of running where the temperature of the plain 
bearing ceases to rise, averages 11 per cent. Reduction in rolling 
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friction with loaded cars under summer and winter conditions, 
at starting, after running 3 miles, 10 miles, and 20 miles, is like- 
wise demonstrated. The four points in Figs. 5 and 6 of this dis- 
cussion are a general average of 170 running tests and 115 start- 
ing tests. The shape of the curve between the points, particularly 
between 0 and 3 miles operation, is conjectural. Normal re- 
sistance as affected by load and temperature conditions, which 
control the shape of the curve between the 0- and 3-mile points, 
is probably attained in the first few hundred feet of operation. 
The winter tests are more nearly representative of the comparison 
in rolling friction of the plain and roller bearings, as these tests 
were made with plain-bearing cars well run-in after several years 
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DISCUSSION 


of service, and with roller-bearing cars after one year of service, 
averaging 6800 miles. 

The comparative frictional resistance of loaded cars under 
winter conditions, after running 3 to 10 miles, is indicated in Fig. 
7 of this discussion. 

The equilibrium test on a loaded car is the best indication 
available of the comparative rolling resistance of cars with the two 
types of bearings. A general reduction of the roller bearing, rang- 


, ing from 18 per cent at 10 mph to 9 per cent at 45 mph, is indi- 


eated in Fig. 8 of this discussion. This is a considerable saving 
in fuel and other operating costs. 

On starting tests with a stretched train, 65 roller-bearing or 37 
friction-bearing cars developed the full locomotive capacity. 

Increased speed of transportation results from the use of roller 
bearings. Speed limitation, imposed by friction bearings, is 
eliminated. It was found in the tests referred to by the writers 
that 50 mph was the maximum permitted speed of the loaded 
70-ton equipment as used in the running tests. The roller-bear- 
ing cars were operated at the top speed of the freight engine, 
namely 65 mph, without appreciable heat rise, but the friction- 
bearing cars developed hot boxes with such frequency at speeds 
of 50 mph as to cause abandonment of the test program with 
friction bearings at the higher speeds. Higher speeds than 50 
mph are used on friction bearings in passenger service, and in 
special freight service, but only with reduced axle loads. 

The writers have witnessed starting tests between roller-bearing 
and friction-bearing freight cars where it took only one eighth 
as much power to start the roller bearing cars as it did to move 
the friction-bearing cars. A saving of 88 per cent in starting effort 
is worth careful consideration by any operating man. More 
spectacular, though hardly representing operating practice, was 
the fact that three men could pull the Timken locomotive from a 
dead stop and keep it rolling. That locomotive, which has Tim- 
ken bearings on all axles of both the engine and tender, weighed 
255 tons. Yet it is hardly possible to get enough men around the 
engine and tender of a friction-bearing locomotive to even start it. 

The company with which the writers are associated is now en- 
gaged in carrying out a comprehensive program of research and 
tests covering bearings and axles used under locomotives and 
rolling stock. The results of this work will be available shortly. 


H. W. Russetu."! Simulated service tests on bearings are 
in many important ways more valuable than actual service tests. 
In actual service only meager data can be secured. Not only is 
the excellence of the performance imperfectly determinable but 
also the operating conditions are seldom adequately known. Of 
course, actual service tests must eventually be made, but a proper 
simulated service test in the laboratory can give in a short time 
information which in general could only be secured from service 
tests of a large number of bearings over a long time. 

The laboratory tests must simulate actual service in all im- 
portant features. The author has been able to do this to a great 
degree. However, at least one factor which may be of importance 
is not allowed for. Dynamic or shock loads are not introduced. 
It is known that repeated shock is an important factor contribut- 
ing to the failure of railroad equipment, and some effects on 
bearings may be expected. Momentary breakdown of the film 
of lubricant may occur from time to time, causing a greater rate 
of wear in service than the laboratory tests under the same aver- 
age load indicate. 

The low elastic modulus and the great plasticity of the thick 
lining of bearing metal and of the bronze backing will aid in 
minimizing high local stresses. This plasticity is not altogether 
desirable, for under shock loads plastic flow may occur to an 
undesirable extent. This and the fatigue associated with vary- 


11 Battelle Memorial Institute, Columbus, Ohio. 


417 


ing loads may lead to a type of failure which the author’s equip- 
ment does not produce. 

Generation of heat must depend upon the average load and be 
only slightly affected by occasional shock loads. Hence, bearing 
failures resulting from overheating should be correctly simulated 
by the author’s equipment. Overheating is recognized as a 
serious matter in all bearings. Adequate lubrication, such as the 
author’s special bearing apparently provides, can prevent over- 
heating by keeping the coefficient of friction low. It is doubtful 
whether sufficient heat can be carried away by the relatively 
small flow of oil to lower the bearing temperature to an important 
extent. Conduction of the heat through the axle and through 
the bearing must be much more important. The relatively poor 
contact between the brass and the wedge and between the wedge 
and the box in standard construction restricts this heat flow to 
what seams to be an unnecessary degree. Some simple change in 
construction could provide a better path for heat flow and thus 
lead to lower bearing temperatures. 


L. Ricuarpson.!2 When comparing laboratory tests with 
service tests the writer is of the opinion that unless the road test 
checks the laboratory test, the latter is without real value. A 
number of the author’s bearings have been subjected to road 
tests on the Boston and Maine Railroad with very satisfactory 
results. A dynamometer drawbar-horsepower test between 
Boston, Mass., and Portsmouth, Me., showed an actual saving 
of 7.6 per cent. Inasmuch as drawbar horsepower covers rolling, 
wind, and journal friction, the latter being the only variable in the 
test, this is a close check on the author’s results. 

A temperature test between Boston and Troy showed 100 F 
for the standard bearing and 79 F for the circulating bearing. 
The air temperature was 44 F on the second test and 45 F on the 
first. The temperature-rise ratio is a direct measure of economy. 

The service test developed, for the circulating bearing, a life 
twice that of the standard bearing. Lower running temperatures 
and longer life serve to reduce the number of hot boxes and in- 
crease the reliability of service. 

A better average quality of oil is indispensable in maintaining 
good service records. All oils are bought and reclaimed to exact- 
ing standards. The benefit was shown in a recent check which 
showed that home cars lubricated at home gave twice the mileage 
per hot box as did foreign cars on the Boston and Maine Railroad. 


H. W. Favs.® On the basis of the evidence so far available, 
there are one or two of the conclusions either stated or implied 
by the author to which the writer cannot subscribe. However, 
for the most part the facts are so plain that there is little room for 
differences of opinion. 

The writer fully agrees with the author that present A.A.R. 
specifications for reclaimed journal-box packing and reclaimed oil 
are inadequate. It is known from actual experience that it is 
possible and practicable to take the general run of packing of all 


TABLE 2 SPECIFICATION REQUIREMENTS FOR JOURNAL-BOX 
PACKING 


Avg product, 
max per cent 


Individual samples 
max per cent 


Material 


MOOT LET UR ans natn ote eee ales alt ere el 0.13 0.20 
TUT CN6 Sail bp. cco ao ARREARS ener Te OER 2.50 3.00 
nur vaIOauvernea san eer ee sicne 0.64 0.73 
Winstone wae St kter och riameneetesiro rye one 1.00 3.00 


kinds from freight cars today and produce a renovated product 
that meets the specification requirements shown in Table 2. 
With respect to renovated oil, AS.T.M. precipitation number 


12 Mechanical Assistant to Vice-President, Boston and Maine 
Railway Company, Boston, Mass. 
13 Hngineer of Tests, New York Central system, New York, Newey. 
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should never exceed 0.10 for any individual sample and the aver- 
age should not exceed 0.03. Under present A.A.R. specifications 
a precipitation number as high as 0.50 is acceptable. 

The author shows the necessity of having an effective dust- 
guard seal to exclude dirt and water from the journal box, but 
he omits mention of the equally great importance of providing 
tight-fitting journal-box lids. He will agree that it will do little 
good to seal the back of the box unless equally effective protection 
is given to the front of the box. Lids which afford this protection 
are now available commercially. 


Mayo D. Hersry.'! The improved performance due to ac- 
curate broaching and more reliable dust guards is in full accord 
both with theoretical expectations and the best industrial prac- 
tice. It is of special interest that the present test machine 
measures the friction torque on the journal itself, after proper 
correction has been made for the friction of the supporting bear- 
ings. Many previous machines unfortunately had been so de- 
signed as to give the friction on the bearing only. 

A number of questions may be asked regarding the typical 
test results presented in Fig. 25 of the paper: (1) What was the 
clearance or difference in radii in the case of bearing No. 18; 
or the limit of uncertainty, if no clearance was intended? (2) 
What were the temperatures and probable viscosities at the 
various speeds? (3) What viscosities would give the minimum 
friction for the roller bearing and the plain bearing respectively? 
(4) Can the friction of the plain bearing be any further reduced 
by some method of profuse lubrication in place of the usual waste 
packing? (5) To what extent might the reduced friction of the 
new bearing be accounted for purely by the reduction of bearing 
area? (6) Has any comparison been made between the friction 
observed, and the amount that might be anticipated from other 
experiments on partial Journal bearings? References to the 
literature may be found in the writer’s ‘Notes on the History 
of Lubrication.” (7) Has any comparison been made between 
the actual friction observed and the corresponding hydrodynamic 
calculations, as given, for example, by H. A. S. Howarth?16 


AvUTHOR’s CLOSURE 


In the discussions and data submitted by Messrs. Brittain, and 
Sanders and Maag, which are devoted specifically to the discus- 
sion of the author’s Fig. 25, comparative rolling friction of modi- 
fied A.A.R. bearing No. 18 vs. roller bearing, the following points 
are quite evident. 

1 The comparative statements in these discussions have 
been made more in the interests of commercial expedience than 
analysis of pure fact. 

2 The solid type of A.A.R. bearings, the frictional resistances 
and operating characteristics of which are compared with the 
roller bearing, are bearings having none of the inherent charac- 
teristics represented in bearing No. 18, the basis of the author’s 
comparison, because the characteristics of bearing No. 18 are 
related to workmanship and design. 

3 The frictional resistances and other operating data sub- 
mitted for the standard A.A.R. bearing, while varying under wide 
limits and, therefore, questionable as to their being representa- 
tive, emphasizes the incentive for the development and improve- 
ments incorporated in bearing No. 18. 

4 For the purpose of further amplifying Fig. 25 of the paper, 


14 Division of Engineering, Brown University, Providence, R. I. 
Mem. A.S.M.E. 

16 “Notes on the History of Lubrication,’ by M. D. Hersey, 
Journal of the American Society of Naval Engineers, vol. 45, 1933, 
pp. 411-429, and vol. 46, 1934, pp. 369-385. 

16 “The Loading and Friction of Thrust and Journal Bearings With 
Perfect Lubrication,” by H. A. S. Howarth, Trans. A.S.M.E., vol. 57, 
1935, paper MSP-57-2, pp. 169-187. 
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comparing certain statements made in these discussions and to 
answer certain questions raised by Dr. Hersey, Fig. 9 of this dis- 
cussion is submitted by the author to show the relation between 
speed, bearing temperatures, and viscosity of lubricant, as existed 
in the tests from which the data for Fig. 25 were obtained. 

Dr. Hersey proposes seven very timely questions, the answers 
to which in all cases can not be made as complete at this time as 
these questions deserve. 
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Answer to question 1: Bearing No. 18 was broached 1/,) in. over 
the journal diameter on the radius. This is standard A.A.R. 
practice. 

Answer to question 2: Fig. 9 of this discussion is submitted to 
answer this question completely. 

Answer to question 3: Investigation of this characteristic of 
lubricating oils, viscosity as an index of friction, in railroad car- 
journal service, has not been concluded. However, such work 
as has been done indicates that viscosity is not the sole controlling 
factor. The operating characteristics of lubricants in this 
respect may not be a parallel condition in roller bearings. 

Answer to question 4: Since oil-saturated waste in proper 
condition supplies a surplus of oil to bearings such as No. 18, the 
benefits to be derived from more profuse supply of lubricant are 
questionable from the standpoint of reduced friction. 

Answer to question 5: As compared to a full-crown or are 
bearing, there is an increment of improvement due to the reduced 
area of bearing No. 18, as reflected by reduced friction. 

Answer to question 6: Full exploration of the field in this 
direction has not been made. 

Answer to question 7: No effort has yet been made to reconcile 
any of the data obtained in the specific work reviewed in the 
paper with any theoretical calculations, as it has been felt that all 
of the variables and their influence upon the operation of the 
journal as a whole should first be determined as representing 
strictly operating results before comparison with theoretical 
analysis. 


Long-Time Creep Tests of 18 Cr 8 Ni 
Steel and 0.35 Per Cent Carbon Steel! 


Roger Sruarr Brown.? Engineers interested in the design 
of structures which are subjected to high temperatures have been 
looking forward to this report in order to learn whether or not 
1000-hr creep tests may be used safely as an indication of the 
long-time stress-carrying ability of metals at high temperature. 


1 Published as paper RP-58-3, by H. C. Cross and F. B. Dahle, 
in the February, 1936, issue of the A.S.M.E. Transactions. 

2 Vice-President, Calorizing Company, New York, N. Y. 
A.S.M.E. 
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DISCUSSION 


The paper is a valuable contribution in this field TABLE 1 


although, as the authors state, it is too early to 
draw conclusions. 

However, the conclusions which the authors 
draw from their data show rather poor correla- 
tion with data from 500-hr creep tests. If, how- 
ever, a different basis for such a comparison is 
taken, such as one used for several years by the 
writer, a very fair correlation will be found. 
The writer has for several years assisted in the 
design of high-temperature structures using both 
pearlitic steels and cast austenitic chrome-nicke] 
alloys. The practical results from this work by 
the writer seem to confirm the guiding principles 
listed at the end of this paragraph. The writer 
finds nothing but confirmation of these princi- 
ples in the work so far reported. 

1 Neglect initial creep, when initial creep is 
defined as total creep in 1000 hr less 1000 times 
the hourly rate at 1000 hr. 

2 Apply straight-ratio creep versus time 
only to creeps under 0.05 per cent per 1000 hr. 

3 Limit total creep to 3 per cent for pearlitic 
steels and to a total of 0.5 per cent for chrome- 
nickel steels total during the life of the metal. 

4 All samples should have the same micro- 
structure. 

5 Be wary of creep tests at temperatures where a slow struc- 
tural change may be taking place but is not yet completed. 

6 Use some factor of safety to cover possible local defects. 

With regard to initial creep, the writer has always observed it 
to be nonuniform. 

With regard to the second and third items, the writer’s partly 
confirmed hypothesis is that there is a total amount of creep 
available in the material and that after a total of from 0.50 
per cent to 3 per cent, the third stage of creep starts or unexpected 
fractures result. There was some indication of this in a previous 
progress report.® 

It has been the writer’s observation that all chrome-nickel 
alloys do not come to a steady rate of creep at the end of 500 hr. 
Therefore, the rate at the end of 1000 hr should be used. 

Table 1 of this discussion shows the close correspondence he- 
tween (1) the total per cent creep per 10,000 hr from the tests 
reported in the paper extrapolated for the balance or 10,000 hr 
and (2) the total per cent creep per 10,000 hr as computed from 
the creep rate at the end of 1000 hr. 

In giving the rates of creep under the same load of 8345 lb 
listed in Table 1 of the paper it should not be overlooked that a 
very slight variation in the stress of two samples will produce a 
given rate of creep which will be raised to a high power when 
comparing the relative creeps at the same load. 

Fig. 32 of the report’ published in 1934 gives a curve of the 
secondary creep-stress ratio for 18 Cr 8 Ni steel from which the 
writer finds at 1200 F that the creep varies approximately as the 
4.9 power of the stress. 

This exponential power was used in the comparison of 18 Cr 
8 Ni steel in Table 1 of the discussion in order to calculate the 
variation of creep, stress represented by the various samples, the 
creep rate of which varied as much as determined in Table 1 of 
the paper. It will be noted that even between specimens 
B38-2 and B12-4 subjected to the same load a variation of 7.6 
per cent in the stress would cause the variation in creep rate at 


Specimen no. . 


per cent 


Ratio of 


3 ‘High-Temperature Tensile, Creep and Fatigue of Cast and 
Wrought High- and Low-Carbon 18 Cr 8 Ni Steel From Split Heats,” 
by H. C. Cross, Trans. A.S.M.E., vol. 56, 1934, paper RP-56-6, pp. 
533-553. 


Load, lb per sqin....... s Ries 
Total creep at the end of 1000 hr, 
per cent...... 
Rate of deformation, per cent 
1000 hr at end of 1000 hr...... 


Total initial creep, per cent..... 


Deduction of initial creep....... 
Length of test, hr 
Difference between 

length of test, hr....... 
Rate of deformation at 


Estimated creep between end of 
test and end of 10,000 hr, per 
CON ae pias viatete 

Total creep per 10,000, indicated, 


@ Selected values in this comparison taken from Table 1 of 

b Selected values in this comparison taken from Table 2 of 

¢ This exponential power to be used with a temperature of 
of 18 Cr 8 Ni steel. 
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COMPARISON OF INDICATED CREEP AT END OF 10,000 HR, AND 
CREEP AT END OF 10,000 HR COMPUTED FROM THE CREEP RATE PER 1,000 HR 


Comparison of 18 Cr 8 Ni Steel Comparison of 0.35 C 


Total creep per 10,000 hr com- 
uted from rate at end of 1000 
r, per cent... 


10,000 hr to creep per 10,000 
hr from 1000-hr rate. . 
Ratio creep rates at end 1000 br. . 
Stress ratio at 4.9 power® of the 
stress for same creep rate... . 
Stress variation for the given 
creep, per cent......--+.--+-+- 0 2.5 7.6 
Eliminating specimen B38-2 as — 
defective, percentage variation 
in stress for same creep rate is 


at 1200: F4———— —-~steel at 850 F’— 
2 OIRO B38-2 B12-1 B12-4 10-A4 25-Bd 
8345 8345 8345 8000 7500 
aren: ieee ae 0.51 0.36 0.54 0.280 0.24 
per 
—0.16 0.18 —().23 —(). 150 —0.12 
0.35 0.18 0.31 0.130 0.12 
Total at end of test, per cent... . Be 1.40 1.45 0.685 0.50 
1.22 1.14 0.555 0.38 
3 Rear Orie oe lelieo 7000 5000 5000 4000 
10,000 hr and 
het 3000 5000 5000 6000 
end of 
test, per cent per hr...... by 0.00021 0.000255 0.00009 0.000075 
: Spe etek 0.63 1°27 0.450 0.45 
1. Sieieten aoe erans = 1.85 2.31 1.005 0.83 
7 eer 1.60 2,04 2.898 1.208 0.873 
indicated creep per 
» er reane “Gs 1.03 1.004 0.669 0.691 
1.00 1.125 1.435 1.25 1.00 
1.00 1.025 1 BCLS hy Seen Arta 


the paper. 
the paper. 
1200 F, that is, in the comparison 


the end of 1000 hr. This variation of 7.6 per cent in the creep 
stress for approximately the same creep is not out of proportion 
to the variation in tensile strength (cold) between various samples 
of a given type of steel. 

Therefore, it seems that the creep rate at the end of 1000 hr 
does give a very close correspondence to the very long-time creep 
in both the 18 Cr 8 Nisteel and the 0.35 carbon steel as far as the 
tests have gone, under the limitations of principles 1 to 5 pre- 
viously listed by the writer. The writer is aware that with con- 
tinued time the actual creep will exceed the estimated creep be- 
cause the samples already have exceeded 1 per cent total creep. 
It should be borne in mind that these tests are run at higher 
stresses than would be used commercially. 


AutTHorRsS’ CLOSURE 


The discussion by Mr. Brown is very interesting in that it shows 
the relation between the actual test data and computations by a 
method that has been successfully used in commercial design. 

To make the discussion more complete, since two of the tests 
have now progressed beyond 10,000 hr and the other two are at 


TABLE 2 CREEP-TEST DATA FOR 18 Cr 8 Ni STEEL (K19) 
AND 0.35 C STEEL (K20) 

SPRL AG SEATS Gibco anen eA <8) cP Wwe 18 Cr 8 Ni 0.35 C 
Specimen no.........---+-+: B12-1% B12-4¢ 10-A46 =. 25-B5b 
Load, lb per sqin...... {i 8345 8345 8000 7500 
Duration of test, hr......-... 10000 10000 9600 9600 
Total deformation at end of 

10,000 hr, per cent.......-. Dole 2.898 1.208¢ 0.873¢ 


@ Creep-test data for specimens B12-1 and B12-4 at the end of 7000 hr 


and 5000 hr, respectively, are given in Table 1 of the paper.! 
b Creep-test data for specimens 


10-A4 and 25-B5 at the end of 5000 hr 
and 4000 hr, respectively, are given in Table 2 of the paper.* 
¢ Estimated from 9600 hr. 


about 9500 hr, data are supplied for the actual deformations 
noted at 10,000 hr or estimated to result at 10,000 hr. These 
data are given in Table 2 of this discussion. In this table the 
specimens are numbered as in Tables 1 and 2 of the paper. 
Specimens of 18 Cr 8 Ni steel were tested at 8345 lb and the 
test exceeded 10,000 hr when this closure was written. How- 
ever, the creep tests of the 0.35 per cent carbon steel had run 
only 9600 hr. 
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High-Temperature Properties of Cast 
and Wrought Carbon Steels From 
Large Valves for High-Tem- 


perature Service’ 


J. W. Bouron.? Messrs. Cross and Dahle are to be congratu- 
lated for their clarification of the problems involved in the selec- 
tion of cast versus forged carbon steels for high-temperature 
service. Of the many opinions advanced on this question some 
are plainly influenced by commercial considerations, some are 
based on what may be termed academic considerations, some are 
frankly speculative, and a minority approach the problem from a 
practical engineering viewpoint. Cross and Dahle assert that 
“‘choice between them (cast versus forged steels) should be made 
on the basis of precise knowledge rather than vague generalities.” 
They point out the qualifications which White, Clark, and Wilson’ 
found necessary even in comparison of wrought low-alloy steels in 
coarse and fine-grained condition, and give a clear-cut review of 
the pertinent literature. 

Cross and Dahle conclude ‘that no broad generalities can be 
made as to superiority for service at elevated temperatures for 
either forged or cast carbon steels in the form of valve bodies or 
tees.” Let us examine this statement further. 

Such structures function in part as pressure containing vessels. 
In the case of valve bodies, the facility with which the internal 
mechanism, such as seat rings, the disk, and the stem, can be 
incorporated to best advantage also is a vital factor in the usa- 
bility of the structure. Actual carefree service life more often 
depends on the functioning of the internal mechanism than on 
the life of the external casing, including the body. In this 
respect, the greater flexibility in design, usually permissible in case 
of cast structures, is a decided advantage. 

This ability to place metal where needed, the ability to main- 
tain more uniform shell thicknesses in castings, and the practical 
commercial limitations relative to the size of forgings are among a 
number of factors which are aside from metallurgical considera- 
tions, but are highly pertinent in materials selection. 

Much has been made of the relative degrees of soundness of 
castings versus forgings. The working which is implied in the 
forging operation appeals to the mechanically minded. With 
the great advances made in casting technique during the past ten 
years, the possibility of the presence of defective areas which im- 
pair the service life or safety of steel castings is a negligible factor. 
A majority of the most severe temperature and pressure applica- 
tions continue to be served well by carbon and low-alloy steel 
castings. Some consumers and producers have probed castings 
throughout, not only for defects visible through X-ray or gamma- 
ray inspection, but also by the more thorough, although destruc- 
tive, methods of sectioning and deep etching. The results are 
most reassuring. It is certain that sound castings and good 
forgings are not manufactured by the slip-shod ‘‘rule-of-thumb” 
producer. 

It is especially impressive that Cross and Dahle obtained cast- 
ings and forgings of representative shapes as made in regular 
commercial practice. 

Among the factors involved in selection of the respective ma- 
terials for valve structures are (a) rigidity, (b) resistance to con- 
tinued load, (c) ability to distribute load, and (d) resistance to 
rapidly applied load or shock. 


1 Published as paper RP-58-5, by H. C. Cross and F. B. Dahle, in 
the February, 1936, issue of the A.S.M.E. Transactions. 

2 The Lunkenheimer Co., Cincinnati, Ohio. 

3 ‘*Physical Properties of Steels at Elevated Temperatures,’ by 
A. E. White, C. L. Clark, and R. L. Wilson, Oil and Gas Journal, vol. 
33, no. 12, August 9, 1934, p. 16. 
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Since a valve structure must maintain alignment of working 
parts, rigidity is of paramount importance, and actual permissible 
stresses must be limited by that factor rather than by bursting 
strength. Cross and Dahle give no data directly applicable to 
this point. Presumably the stress-strain relationships of the 
various materials (within the ranges of interest to the designer) 
are not appreciably different. 

The writer would criticize the loads selected by Cross and 
Dahle for their creep tests, particularly those selected for the 
study of valve products. In such products, maintenance of 
alignment is imperative, and aside from unavoidable initial ex- 
tension only a slight amount of creep can be tolerated. Stresses 
producing a secondary rate of 0.1 per cent creep per 10,000 hr for 
any of the metals indicated in Table 3 of the paper will reach 
about 10,000 lb per sq in. but rarely will appreciably exceed 12,000 
lb per sq in. The laboratory of the writer’s firm recently ran 
creep tests on spheroidized cast carbon steel, similar in structure 
and composition to that designated by Cross and Dahle as SC. 
It was found that at a load of 12,000 Ib per sq in. the creep rate 
for the last 2000 hr of a 2500-hr test is below a 0.1 per cent rate 
per 10,000 hr. These tests were conducted in accordance with 
requirements of Specification E 22-35 T of the A.S.T.M. The 
informed designer is aware of the properties of the metal 
with which he is concerned and selects his permissible stresses 
accordingly, the margin of safety in this respect being from 50 per 
cent to over 100 per cent. 

As one goes above stresses required to produce a creep rate of 
0.1 per cent per 10,000 hours, as in Fig. 12 of the paper, consider- 
able differences in the behavior of the materials may be evident, 
and one might conclude erroneously that such differences are 
significant and are to be considered seriously in the selection and 
treatment of the materials for valve structure. 

However, the authors’ creep tests are of decided interest in the 
evaluation of the effect of grain size. The results, including the 
apparent anomalies shown in the results charted in Figs. 12 and 
14 of the paper, suggest that further valuable and significant 
information would result if further tests at lower loads were 
undertaken. 

The ability of a material to distribute load without failure or 
cracking due to local overload is a factor which is often ignored. 
Perhaps the best measure of this is the ductility, although the 
amount or degree of ductility necessary to accomplish this cannot 
be stated with any certainty. It would appear that a spheroidiz- 
ing draw (given by some manufacturers to steel castings 0.30 
carbon or over) is definitely advantageous. With reference to 
the materials listed in Tables 3, 4, and 5 of the paper, a loss of 
ductility appears with elevated temperature in case of the casting 
with normal pearlite C, whereas in the other cast steel SC and in 
the forgings F and LF the ductilities are higher at the elevated 


DUCTILITY AND CHARPY IMPACT RESISTANCES OF 
VALVE MATERIALS 


TABLE 1 


Charpy impact resistance 
at the flange for various 
temperatures, ft-lb 
70 F¢ 750 Fd 850 Fd 950 Fa 
12.0 12.3 11.0 


Ma- Ductility, per cent elongation in 2 in. at 
terial various temperatures 

70F* 750 F6 850 Fb 950 Fb 
CGC 25.5 26.0-14.0 12.5-12.5 26.5-11.5 14.3 
SC 27.8 38.0-29.5 34.0-31.0 50.0-45.0 18.7 17.3 13.7 14.7 
F 28.2 39.5-30.5 48.0-39.0 50.0-42.0 21.0 19.3 20.3 15.0 
LF 32.0 39.5-37.0 38.0-31.0 45.5-35.5 28.3 21.3 18.0 16.3 


@ Values in this column taken from Table 3 of the paper. 

6 Values in these columns taken from Table 4 of the paper. 

¢ Values in this column are the averages of the Charpy impact resistances 
of flange material as given in Table 3 of the paper. 

d Values in these columns are the averages of the Charpy impact resistances 
at 750, 850, and 950 F as given in Table 5 of the paper. 


temperatures. The writer has taken these ductility results and 
the results of the Charpy tests from Tables 3, 4, and 5 of the 
paper and has assembled them in Table 1 of this discussion. 
It will be noted that both the maxima and minima elongation 


~~ 


) used successfully and safely. 


DISCUSSION 


values from Table 3 of the paper are included in Table 1 of this 
discussion. 
In case of the castings and of the higher-carbon forging F’, the 
) average Charpy values at elevated temperatures are not radically 
lower than the respective values at room temperature although 
they are much lower in the forging LF. The writer questions 
whether the loss in Charpy value between test coupon and casting 
may not be considerably less than that between a small simple 
forging and a heavier one. For example, a material such as the 
casting SC usually runs around 24 ft-lb on a sample from a test 
coupon, which is approximately 50 per cent higher than the value 
found on the flange. Would not a small forging coupon of type- 
F run over 30 ft-lb? 

It will be noted from Table 1 of this discussion that at the 
maximum temperature of 950 F the actual magnitude of differ- 
ences for all samples is not great. 

The writer’s reaction is that in factors (c) and (d) previously 
given in this discussion, there is nothing to worry the steel 
founder. Without a doubt material like cast steel C has been 
Material like cast steel SC is being 
furnished readily and this material is but slightly under forged 
steel F in either ductility or impact resistance. 

It is interesting to note that no appreciable changes in structure 
or impact values resulted from exposure of either cast or forged 
steels in the creep tests. This confirms what is well known in 
practice, ie., that structurally carbon steel is rather stable 
material. 

The application of the McQuaid-Ehn carburizing test is most 
interesting and should lead to further developments. One cannot 
help wondering why the authors so carefully refrained from com- 
mitment in the matter of relationship of grain size to creep prop- 
erties there revealed. If there were reasons aside from insuffi- 
cient data, their disclosure would be of interest. 

A qualitative table, such as Table 6 of the paper or some of the 
qualitative comparisons in the summary of the paper, are open to 
the objection that the degrees of difference are not defined ade- 
quately. Actual study of the test results shows that many of the 
results are very close indeed, and that some are well within 
ranges found on check tests on like materials. Unfortunately, 
such easy-to-use comparisons are frequently used or quoted 
without further definition. 


A. Hurreen.t The authors’ review of the literature covering 
previous work presents a clear résumé of opinion rendered by 
scientific experts, based upon years of experience, pertaining to 
the subject of high-temperature properties of cast and forged 
materials. It is true that there is some conflict of opinion re- 
garding the merits of cast and forged materials but generally, 
however, there is an indication that the forged material is the 
better as has been stated and implied by many scientific experts 
as a result of experience and comparative tests. 

The writer’s remarks which follow concern the discussion by 
J. W. Bolton.? 

A valve undoubtedly functions as a pressure containing vessel 
and requires more or less care, depending upon the severity of the 
service to which it is subjected. Mr. Bolton’s statements regard- 
ing the flexibility of valve design invites a survey of the entire 
valve field to ascertain if there is a unified agreement among 
valve manufacturers and designers as to the exact shape and 
proper outline for every application. The writer is aware of the 
fact that there are many different opinions regarding the proper 
mechanical design of valves and that each design becomes largely 
a matter of each manufacturer’s opinion. Omitting reference to 
material specifications, flexibility of mechanical design, in the 


4 Chief Metallurgist, Henry Vogt Machine Company, Louisville, 
Ky. 
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absence of a well-established proved design, can at best only 
indicate a “possibility” and should not be construed as an implied 
advantage for a cast valve without carefully checking the me- 
chanical design to ascertain if advantages have actually been 
incorporated as a result of such a possible flexibility. Actual 
service results offer specific information and are of more concern 
that “possibilities” due to such an item as flexibility. 

Mr. Bolton’s statement regarding the ability to place metal 
where needed also belongs to the classification of possibilities and 
does not insure that the metal will be placed where it will be the 
most effective. Those familiar with casting work will agree 
readily that the matter of placing metal where needed is a com- 
promise between where it is needed to facilitate foundry tech- 
nique, and where it is needed from the standpoint of actual engi- 
neering requirements of the part; at least, such is the case in 
many complicated shapes where casting difficulties are en- 
countered. If it were possible to place metal exactly where 
needed without any attendant evils, the casting would thus prove 
advantageous, but such is not the case. Ordinary casting diffi- 
culties dictate to a considerable extent the place where metal 
shall be placed in a casting. 

The writer believes that the data and observations presented 
in the paper under discussion were obtained through tests on ma- 
terial of recent manufacture and incorporate the advantages or 
disadvantages of modern casting technique. The absence of 
physically defective areas in castings of recent manufacture there- 
fore does not apply because the work of Messrs. Cross and Dahle 
applies to modern technique. The writer is quite certain that 
any one who has had the opportunity to X ray or gamma ray a 
large number of castings will support the statement that it is very 
unusual to find steel castings which approach the radiographic 
soundness of forgings. The writer’s experience with the X ray 
shows that the present technique of making steel castings leaves 
much to be desired from the standpoint of X-ray soundness. 
Mr. Bolton’s? comments as to the results of the X-ray examina- 
tion of castings being most reassuring as to physical soundness 
are certainly contradictory to the writer’s experience and infor- 
mation. 

There is some doubt regarding Mr. Bolton’s statement that, 
‘““\ majority of the most severe temperature and pressure applica- 
tions continue to be served well by carbon and low-alloy steel 
castings.”” Whether a majority of the most severe applications 
are served by castings or by forgings is not confirmed by statis- 
tical data. 

With reference to the four factors which Mr. Bolton lists as 
being involved in the selection of materials for valve structures he 
lists “rigidity” as the first. Consider this property of rigidity as 
applied to high-temperature operation by assuming a pipe line or 
lengthy structure in service exposed to conditions of pressure and 
temperature where creep is important, that is, where a gradual 
permanent dimensional change is constantly taking place. It 
appears that the yardstick for evaluating rigidity under these 
conditions would be graduated in terms of creep. The material 
having the best creep resistance under such conditions of loading 
would therefore be assumed to have the greatest rigidity. 

Consider now the desirability of shutting down this structure 
for cleaning or repair after permanent dimensional increases have 
taken place over a period of time, due to creep. The structure 
has become quite rigid because of the removal of temperature, 
and because of its anchorage it cannot adjust itself to this new 
condition. In this case, the question of rigidity becomes serious. 
If too rigid, failure of some part is inevitable and the property of 
toughness and ability to yield to the new conditions becomes 
most desirable. 

Therefore, where operating conditions exist in a structure in- 
volving creep at high-temperatures with removal from service 
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during cleaning or repair periods, the material having the best 
combination of creep resistance and toughness at ordinary 
temperatures is obviously the most desirable. 

Mr. Bolton? places the ability to distribute load as the third 
factor involved in the selection of respective materials for valve 
structure. The second factor, the resistance to continued load, 
is covered by creep. The ability to distribute load will be in- 
fluenced by design, that is, by the elimination of sharp corners 
and abrupt section changes together with the soundness and 
continuity of the material. Any discontinuity, internal or ex- 
ternal, including unsound portions, will enter into the ability of 
the material to distribute load, the more sound material being 
preferable. 

Mr. Bolton also mentions “resistance to rapidly applied load or 
shock” as the fourth factor involved in the selection of materials 
for valve structures. This property of a material probably is 
measured to best advantage in terms of notched-bar impact or 
tension impact, and again is related somewhat to toughness. 
Even though a material may have a high yield point, such proper- 
ties cannot be utilized in this consideration if it does not have the 
toughness to resist suddenly applied loads. 


AuTHOoRS’ CLOSURE 


The authors have no comment to make on the discussions by 
Mr. Bolton and Mr. Hurtgen as to what the designer and the 
user really need and want in the material from which valves are 
made. The aim in writing the paper was to determine what the 
properties actually were in valves represented by their makers as 
being made of commercial material. 

As to the stress-strain relationships mentioned by Mr. Bolton, 
attention is called to values for yield strengths given for the vari- 
ous materials in Table 4 and Fig. 11 of the paper. 

As shown by the data in the paper and in Mr. Bolton’s Table 1, 
both the low- and high-carbon forgings show a greater drop in im- 
pact resistance from room temperature to 950 F than do the cast 
materials but it should be remembered that the values for the 
forgings are still equal to or a little higher than for the cast mate- 
rials at that temperature. 

It would undoubtedly be interesting to carry the creep studies 
to lower loads, still utilizing material from actual valves. 

The creep figure cited by Mr. Bolton for spheroidized cast 
material at 750 F seems out of line with what would be expected 
from the authors’ tests, so we asked him for specimens from the 
same valve on which his tests were made, but were informed that 
his figure was from a coupon rather than an actual valve. How- 


ever, one would hardly expect this order of difference between a 
coupon and a casting, and it seems probable that considerable 
differences may exist in the creep properties of different heats 
whose compositions, mechanical properties at room temperature, 
and short-time high-temperature tensile properties are indis- 
tinguishable. 

Such a state of affairs for wrought carbon steel has been com- 
mented on by Clark® and ascribed to melting practice. The real 
cause of the difference in behavior of the high- and low-carbon 
forgings may be in the melting practice. 

If such differences which can only be detected by creep tests 
actually exist between different lots of castings and of forgings, 
the problem of determining the range of difference and what can 
be done to enable the manufacturer to know when he is supplying 
material of good creep resistance, and when he is supplying ma- 
terial of poor creep resistance, is of far greater importance than 
the factor of grain size. 

Therefore, it must be remembered that the authors’ tests were 
upon individual valves selected at random and that the ability of 
the valves to represent their classes of materials rests solely upon 
the opinion of their makers that, to the best of their knowledge, 
the valves were representative of those they were supplying to 
the trade. Without extensive creep tests on many successive 
heats, no one can say how widely each class of material might 
vary from the creep properties found on the valves tested by the 
authors. 

However, if grain size alone is the chief variable, and one not 
overshadowed by other variables, samples of coarse-grained and 
fine-grained materials selected at random should have estab- 
lished it. It seems probable that makers of both types of mate- 
rials have the same problem, that of knowing what the variables 
in melting and deoxidation practice have to do with the creep prop- 
erties of carbon steels so that they may always produce steel of 
the best creep resistance. Whether it is cast in a mold or forged 
to shape is probably of secondary importance to this more funda- 
mental question. 

What the McQuaid-Ehn grain-size comparisons, or, more pre- 
cisely, the melting practice of which the McQuaid-Ehn grain-size 
is one manifestation, has to do with the creep properties, should, 
the authors believe furnish a worth-while problem in which the 
melting practice is deliberately varied, and the results checked on 
many rather than on single grab samples. 


5 Discussion on Cast Carbon and Low-Alloy Steels, by C. L. Clark, 
Symposium on Effect of Temperature on the Properties of Metals, 
A.S.M.E. and A.S.T.M., 1931, p. 432. 
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Reduction of Airplane Noise and Vibration 


In keeping with the demands for comfort in airplane 
transportation, the authors point out that it is not only 
necessary to provide the passenger with a comfortable 
‘eushioned seat in an air-conditioned cabin, but that it is 
also necessary to reduce noise and vibration. The meth- 
ods of reducing noise and vibration as applied to airplane 
«construction must of necessity differ from the methods 
used in automobiles and other ground installations where 
sweight is not an important factor. The methods em- 
ployed, together with the measurements resorted to in 
‘determining the methods which shall be used in reducing 
‘the airplane noises and vibration, are discussed. 
N THE early days of aviation, passenger comfort was given 
If little consideration. Allefforts were concentrated on keeping 

the plane in the air. Plane designers and pilots were satisfied 
if they could accomplish this. At present, however, with the 
safety of the passenger reasonably well assured by better plane 
design, by the use of two-way and beacon radio, and by more ac- 
curate weather reports, attention is being focused upon increased 
speed and the provision of passenger comfort. 

It is not sufficient to provide a passenger with a comfortable 
cushioned seat in an air-conditioned cabin. Noise and vibration 
must be reduced in order to make travel by air at 200 mph as 
pleasant as by modern pullman car and automobile. Noise and 
vibration are inherently difficult to cope with due to the powerful 
engines required to meet the performance demanded of airplanes. 
Because of weight and space limitations, it is at present consid- 
ered impracticable to build the conventional double-walled en- 
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closures which would be most effective in insulating the passen- 
gers’ and pilot’s compartments from noise. It is also obviously 
impracticable to apply the same methods of reducing noises at 
their sources which are applied where weight is not an important 
limitation. It is not feasible, for instance, to provide enclosures 
about the engine valves to reduce engine-clatter noise as is done in 
the case of automobile engines. Efficient engine mufflers which 
can readily be applied in automobiles would cause an excessive 
loss of power and pay load, according to present-day standards, if 
used in airplanes. Even though this were not true, mufflers are 
of little value in planes where the predominant source of noise is 
the propeller. 

It can, therefore, be seen that the methods of reducing noise and 
vibration as applied to airplane construction must of necessity 
differ from the methods used in automobiles and other ground in- 
stallations where weight is not an important factor. The meth- 
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ods employed, together with the measurements resorted to in de- 
termining the methods which shall be used in reducing airplane 
noise and vibration are discussed in this paper. 


Loupness AND Notse INTENSITY COMPARED 


It should be mentioned at the outset that although sound- 
measuring equipment is equalized to provide a sensitivity char- 
acteristic similar to that of the ear, measurements of intensity for 
complex sounds do not always agree with the loudness as inter- 
preted by the ear. The sound-level meter indicates intensities 
regardless of the quality of the sound being measured and also re- 
gardless of physiological effects which under some conditions af- 
fect the loudness. Two instances of such differences are described 
in the following paragraphs. 

Fig. 1 shows the equal-loudness contours over the range of 
pitch and volume audible to the ear. This chart was prepared by 
the Bell Telephone Laboratories on the basis of tests made with a 
large number of listeners. The bottom curve, called the thresh- 
old of hearing, indicates the intensity required for pure tones 
throughout the audible-frequéncy range to make them just au- 
dible to the average ear. The ear is most sensitive at frequencies 
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ranging from 3000 to 4000 cycles per sec. For a tone of 1000 
cycles per sec, the sound intensity necessary to make it just audi- 
ble is 10-!° watts per sq cm, which is the standard reference level 
adopted by the Acoustical Society of America. It will be seen 
that for a pure tone to be just audible, the required intensity 
would be 38 db greater at 100 cycles than at 1000 cycles and 8 
db greater at 10,000 cycles than at 1000 cycles. 

The top curve indicates the threshold of feeling, or the inten- 
sity at which pure tones become painful to the average ear be- 
cause of their high intensity. The intensity of a 1000-cycle tone 
at the threshold of feeling (120 db above the threshold of audi- 
bility) represents one trillion times as much sound energy as is re- 
quired to make the tone just audible. From this it can be seen 
that the ear is an instrument having a remarkably wide range of 
intensity sensitivity. 

The contour lines between the two limiting curves in Fig. 1 
represent lines of equal loudness for sounds consisting of pure or 
single-frequency tones. The loudness levels have arbitrarily been 
chosen numerically equal to the intensities, for a pure tone of 
1000 cycles per sec. Each loudness contour then indicates the 
intensities of pure tones throughout the audible range which have 
a loudness equivalent to the 1000-cycle intensity value. It will be 
noted that the shape of the loudness contours becomes flatter as 
the sound intensity is increased. At tones having frequencies 
above 1000 cycles per sec, the spacing between contours is very 
nearly constant. At frequencies below 1000 cycles per sec, how- 
ever, the contours converge. At a frequency of 100 cycles per 
sec, for example, the threshold of audibility occurs at an intensity 
of 38 db above 10-6 watts per sq cm, and the threshold of feeling 
occurs at 125 db above 10-'¢ watts per sq em. Under these con- 
ditions, therefore, a change in loudness of 120 db is caused by a 
change in intensity of 87 db. 

One of the practical results of this physiological effect is that in 
quieting an airplane, the loudness of the components of low-fre- 
quency noise (which predominate in airplanes) decreases more 
rapidly than the intensity. This is a fortunate effect, and is one 
of the few instances where physiology aids acoustical engineers 
in making airplanes more comfortable. The following example 
serves to illustrate this phenomenon. If a composite noise hav- 
ing an intensity of 100 db at each frequency over the range from 
20 to 1000 cycles per see (appearing as a straight horizontal line 
on Fig. 1) is reduced 40 db in intensity, the low frequencies will be 
reduced more than 40 db in loudness. The loudness of the 100- 
cycle tone, for instance, will be reduced 65 db (or in other words, 
from 100 to 35 db in loudness), and tones below 35 cycles per sec 
will be reduced more than 100 db in loudness and will become in- 
audible. 

Another important physiological effect is described in papers by 
Harvey Fletcher and W. A. Munson*® of the Bell Telephone 
Laboratories, and B. G. Churcher® of the Metropolitan-Vickers 
Electric Company, Ltd., Manchester, England. The effect of 
sound quality upon loudness as interpreted by the ear is described 
in these papers. When a tone is composed of a fundamental and 
harmonics, its loudness may appear to be as much as 30 db 
greater than a pure tone of the same fundamental frequency and 
intensity. This effect may be present even though the inten- 
sity of the harmonics may be low in comparison with the inten- 
sity of the fundamental. It is evident from this fact that in 


4 “Loudness, Its Definition, Measurement, and Calculation,”’ by 
H. Fletcher and W. A. Munson, Bell System Technical Journal, vol. 
12, October, 1933, pp. 377-430. 

5 “Loudness, Pitch Timbre of Musical Tones and Their Relation 
to the Intensity, the Frequency and the Overtone Structure,’’ by H. 
Fletcher, Journal of the Acoustical Society of America, vol. 6, October, 
1934, pp. 59-69. 

6 ‘‘Noise Measurement for Engineering Purposes,’ by B. G. 
Churcher, Electrical Engineering, vol. 54, January, 1935, pp. 55-65. 
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quieting airplanes it is important to reduce not only the funda- 
mental low-frequency noise but also the harmonics. Reducing 
the latter reduces the loudness of the noise by a greater amount 
than would be measured by the sound meter. 

Still another important factor which should be considered, is 
the annoyance characteristic of the noise. For instance, pulsat- 
ing noises such as those caused often by the engines in a multi- 
motored plane may be, and usually are, much more annoying 
than a steady noise. In time, the ear becomes accustomed to 
a steady noise and its annoyance decreases, whereas, with a 
noise varying in intensity this physiological effect does not occur 
to as great a degree. 

It is generally true also that a high-pitched hissing noise, such as 
may be caused by. individual window ventilators and leaks 
around doors and windows, is usually more annoying than a low- 
pitched noise of the same loudness. These factors have been con- 
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Sounp-LeveL METER AND FREQUENCY ANALYZER 


sidered in the design and application of the acoustical treatment 
of airplanes described in this paper. 


Noise MEASUREMENTS 


Although, as has been pointed out, loudness is not a linear func- 
tion of sound intensity, it is nevertheless desirable to measure in- 
tensities with instruments rather than loudness by the use of the 
ear. This is true due to the fact that people of normal hearing 
have widely different ear-sensitivity characteristics, and that the 
characteristic of an individual may change appreciably during a 
short period of time. For making the results of measurements in 
different planes and at different times quantitatively comparable, 
it is necessary therefore to measure noise intensities by the use of 
accurately calibrated instruments. 

Noise measurements, in order to be universal in their represen- 
tation, must also be made with respect to a given intensity recog- 
nized as a standard. Such a standard is that accepted by the 
Acoustical Society of America representing a sound-intensity level 
of 10-16 watts per sq em. This is equal approximately to the 
threshold of hearing of the average ear for a tone of 1000 cycles 
per sec. This is the reference level or zero level indicated on 
the ear-loudness chart in Fig. 1. 

It has been common practice in articles written about airplane- 
noise reduction to relate measurements to a reference level of one 
millibar sound pressure. This is 13.8 db higher than the present 
standard of 10-16 watts per sq cm, and therefore any noise is nu- 
merically 13.8 db higher when referred to the present standard 
than when referred to the previous standard. Although through- 
out this article, noise values are given in terms of the present 
standard, in some cases for reference purposes they are also given 
in terms of the previous standard reference level. 
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Overall noise-intensity measurements, that is, measurements of 
the total noise comprising all frequency components present, are 
made by the use of a sound-level meter. The Western Electric 
sound-level meter, shown in Fig. 2 together with its associated 

’ frequency analyzer, is designed to give a reading comparable to 
that which would be heard by the average ear. In other words, 
the measurement is weighted so as to make the intensity of each 
component tone approximately equal to its loudness, as judged 
by the average normal ear. This is accomplished by the use of 
‘an equalizer contained in the meter which attenuates the low and 
high frequencies to conform approximately to the ear-loudness 
characteristic. In the early meters of this type, one weighting 
characteristic was provided to equalize intensities over the fre- 
quency range in accordance with the 40-db, equal-loudness con- 
tour. In a later-type sound-level meter, weighting characteris- 
ties equivalent to the 30-, 60-, and 90-db equal-loudness contours 


- are included, and a switching key allows the selection of the char- 


acteristic most nearly corresponding to the noise being measured. 
The effect of this weighting equalizer may be illustrated by re- 
ferring to Fig. 1. A 1000-cycle tone with a loudness of 60 db is 
‘ produced by an intensity 60 db above 10716 watts persqem. A 
72-db sound intensity at 100 cycles per sec, however, is required 
to produce a tone with a loudness of 6) db. Therefore, it is neces- 


sary to attenuate this tone 12 db in order to make the meter 


) (which reads sound intensity) read the loudness of this tone as in- 
terpreted by the ear. Similarly, at a frequency of 50 cycles per 
sec, the attenuation required is the difference between 78 db and 
60 db or 18 db. 

The Western Electric Company sound-level meter utilizes a 
microphone of the dynamic type, which is shown in Fig. 2. This 


Fic. 3 ViBpROMETER Usep To Pick Up VIBRATION FoR MBASURE- 
MENT AND ANALYSIS 


microphone picks up the noise to be measured, which in turn is 
amplified and detected by the meter. A microammeter forming 
a part of the sound-level meter is calibrated in terms of decibel 
level above standard reference level. Adjustments are provided 
so that this calibration can be maintained regardless of the exact 
sensitivity of the particular microphone being used. 

In airplane measurements, it is necessary not only to know the 


_ total amount of noise entering the passengers’ and pilot’s com- 


partments, but also the magnitudes of the individual frequency 
components of which the noise consists. A knowledge of these 
components makes it possible to design the acoustical treatment 
to most effectively eliminate them. Having determined these 
components, it is possible to relate them to their sources and re- 
duce them, as well as insulate the cabin against the portion of 
these noises which cannot be so eliminated. If it were found, for 
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instance, that noise components are prominent in the cabin which 
can be related to fundamental rotational engine speeds, it is often 
possible to reduce the noises so caused by improving the balance 
of the engines and modifying the engine mountings. 

The instrument used to determine these characteristics is the 
frequency analyzer. The Western Electric Company analyzer 
is shown with associated equipment in Fig. 2. It is used in con- 
junction with the sound-level meter previously described. With 
this instrument, it is possible to select a noise band either 200 
cycles or 20 cycles wide out of any portion of the noise frequency 
spectrum from 40 to 11,000 cycles per sec, rejecting all other por- 
tions of the noise. This selection is made by the use of either of 
two fixed-frequency band-pass filters. The noise to be analyzed 
is modulated by the use of a variable-frequency oscillator. The 
modulated noise is passed through one of the crystal band filters 


Fig. 4 HigH-Sprrp Sounp-Leve, RECORDER SET-UP FOR OPERAT- 
ING SYNCHRONOUSLY WITH AN OSCILLATOR 


after which the selected band is demodulated and applied to the 
sound-level meter which indicates the intensity of this band of 
noise in decibels above the standard reference level. 

With the filter for the 200-cycle band, the general shape of the 
noise frequency characteristic is measured, and with the filter for 
the 20-cycle band the frequency components of engine and pro- 
peller and other noise are identified and measured. This fre- 
quency analyzer, as well as the associated sound-level meter, are 
described in a paper by S. K. Wolf and W. J. Sette? of the Elec- 
trical Research Products, Inc. 

In addition to being able to measure noise in the cabin of a 
plane, it is also useful to be able to measure overall vibration and 
vibration-frequency components. This is accomplished by the 
use of a vibrometer in conjunction with the sound-level meter and 
This instrument was developed recently for 
This 


frequency analyzer. 
airplane testing by the Electrical Research Products, Inc. 
unit is shown in Fig. 3. 

It is also desirable to be able to explore the intensities of sur- 
face-noise radiation. Therefore, it was desirable to develop an 
attachment for the microphone which would make it possible to 
measure quickly various types of interior airplane surfaces. By 
the use of such measurements it has been found possible to dis- 
tribute more efficiently the acoustic treatment. In a test made 
of an acoustically treated plane, it was found possible by increas- 
ing the weight of treatment on surfaces having high noise radia- 
tion, and decreasing treatment on surfaces from which there was 
little noise radiated, to reduce noise in the cabin and at the same 
time reduce the total weight of acoustic treatment. 

In order to measure the noise reduction provided by the cabin 
walls, another piece of equipment known as a high-speed sound- 
level recorder, developed by the Bell Telephone Laboratories, is 


7“Some Applications of Modern Acoustic Apparatus,” by 8S. K. 
Wolf and W. J. Sette, Journal of the Acoustical Society of America, vol. 
6, January, 1935, pp. 160-168. 
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used. This equipment, consisting of three units, is shown in Fig. 4. 
It has been described in detail in the article referred to previ- 
ously,” and in a paper by E. C. Wente, E. H. Bedell, and Kab: 
Swartzel, Jr.,8 of the Bell Telephone Laboratories. In effect it is 
a rectifying oscillograph. A stylus is provided which records on 
waxed paper the sound-intensity variations occurring at the 
microphone attached to this instrument. The speed at which 
the stylus is capable of traveling is 840 db per sec. For some 
purposes it is desirable to have the stylus travel at slower speeds. 
Provision has been made therefore for reducing it in steps to as 
low as 45 db per sec. 
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For measuring the noise reduction provided by an airplane 
structure, loudspeakers placed outside of the plane reproduce 
tones from an oscillator varying in frequency from 50 to 10,000 
eycles per sec. Continuous intensity-frequency charts of the 
sound outside the plane are made by the use of the high-speed 
automatic level recorder. Corresponding charts are also made of 
the sound intensities inside of the plane (the source of sound re- 
maining outside). A comparison of intensities outside and inside 
the plane furnishes data for charting the noise-reduction fre- 
quency characteristics of the plane structure. 


LaBoraToRY MEASUREMENTS 


In reducing airplane noise within the passengers’ and pilot’s 
compartments, it is necessary not only to provide sound insula~ 
tion, but also sound absorption. The purpose of the latter is 
to dissipate sound which cannot be excluded from the cabin by 
the materials of which the cabin walls are constructed. Thick 
walls having a high insulation value, if not supplemented by ab- 
sorption within the cabin, will be of little value in reducing noise 
within the plane. For instance, if the walls of a cabin have a 
sound-insulation value of 30 db but the interior of the plane has 
an average coefficient of absorption of only 2 per cent, the effec- 
tive sound reduction of the combination will be only 12.5 db. 
If there were no sound absorption within the plane (which is of 
course impossible), the sound reduction would be 0 db. The 
sound insulation in this case would serve only to delay momen- 
tarily the building up of the sound within the cabin to the same 
intensity as outside. With an average absorption coefficient 
over the inside surface of the cabin of 50 per cent, the effective 
noise reduction will be 27 db. 

Fig. 5 illustrates this relationship and shows the need of pro- 
viding the proper balance between sound insulation and absorp- 
tion in the reduction of airplane noise. These curves have been 


8 ‘A High-Speed Level Recorder for Acoustic Measurements,” by 
E. C. Wente, E. H. Bedell, and K. D. Swartzel, Jr., Journal of the 
Acoustical Society of America, vol. 6, January, 1935, pp. 121-129. 
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drawn from values calculated from formulas given by Dr. H. L. 
Dryden.? He points out that with a uniform sound field outside 
of an airplane cabin, the noise level within the cabin is decreased 
by an amount dependent upon the sound transmission loss 
through the cabin walls, and the sound absorption of the interior 
surfaces. It can be shown that when 7’ is the ratio of the inten- 
sity of the sound transmitted through the walls to the sound 
striking the outside surface, and a is the ratio of the intensity of 
the sound within the cabin which is absorbed by the cabin walls 
to the sound striking the interior walls, the noise reduction in 
decibels afforded by the walls can be expressed approximately as 


Tt+ta 


decibels = 10 logio 


The curves in Fig. 5 are based on this formula and show the noise 
reduction to be expected for any absorption coefficient of the in- 
terior surfaces, and for various amounts of wall insulation. 


Live AnD Drap Rooms or THB AcousTIC LABORATORY OF 


THE ELecrricaAL Resparcu Propucts, Inc. 


In order to determine the most effective 
and suitable type of airplane treatment, it 
is necessary to make laboratory measure- 
ments of the various types of light acoustic 
materials which are available. For meas- 
uring the acoustic absorption and insula- 
tion characteristics, the Bell Telephone 
Laboratories and the laboratory of the 
Electrical Research Products, Inc., are used. 
The latter laboratory is shown in Fig. 6. 
This contains a reverberation chamber which 
is well-insulated against outside noises, and 
in which the reverberation time has been 
made as great as practicable. This high 
degree of liveness is obtained by the use of 
special Swedish putty and hard enamel on 
all wall surfaces. In this room, low-fre- 
quency tones between 100 and 200 cycles 
per sec have a reverberation time of ap- 
proximately 18 sec. Reverberation time is 
defined as the time required for a sound to 
decay to a value 60 db below its original in- 
tensity. The absorption-frequency charac- 
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9 ‘Silencing the Airplane,’’ by H. L. Dryden, 
Trans. A.S.M.E., vol. 52, part 1, 1930, paper 
AER-52-15, p. 107. 
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teristic of an acoustical material is determined by measuring the 
decrease in reverberation time caused by placement of the mate- 
rial in the room. 

For making comparative tests of absorption characteristics of 
small samples of materials, the acoustic tube, shown in Fig. 7, 
has been found valuable. This tube operates on the principles 
described by E. C. Wente and E. H. Bedell of the Bell Tele- 
phone Laboratories. The material to be measured is placed at 
the open end of the tube. The position of a sound generator 
within the tube can be varied in order to provide a standing wave 
between it and the acoustic material. At each frequency within 
the operating range, the sound pressures at the maximum and 
minimum positions along the length of this tube are measured by 
means of the small-diameter tube which is coupled acoustically 
to the microphone. From these readings the absorption of the 
material under test can be determined from established formulas. 
This tube has been useful in comparing absorption characteristics 
of a large number of acoustical-material samples in various com- 
binations which could not have been determined so readily had 
the large sample required in the reverberation-chamber measure- 
ments been necessary. 

In the acoustic laboratory it is also possible to make sound- 
transmission measurements. This is done by generating a tone in 
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the live room, or reverberation chamber, of the laboratory, and 
measuring the sound intensity transmitted through the material 
which is placed as a barrier between this room and an acoustically 
dead room associated with it. This dead room is shown in the 
background of Fig. 6. By comparing the intensity-frequency 
characteristic in the dead room with the intensity-frequency 
characteristic of the sound in the live room, that is, the room in 
which the sound originates, it is possible by the use of established 
formulas to determine the transmission-loss-frequency character- 
istic of the material under test. 

To supplement such tests, a small box has been constructed 
which is useful in measuring the transmission characteristics of 
small samples of materials. This is comparable in usefulness in 
measuring transmission-loss characteristics, to the acoustic tube 
which was described in connection with the measurement of 

_acoustic absorption. 


Fuiicut TEsts 


The sound-level meter, frequency analyzer, and associated 
equipment described previously are the most important instru- 
ments used in making airplane-flight measurements. Such meas- 
urements are divided into five groups: (1) Noise intensity, (2) 
noise radiation from surfaces, (3) noise-frequency analyses, (4) 
vibration-frequency analyses, and (5) separation of component 
noise characteristics. 


10 ‘The Measurement of Acoustic Impedance and the Absorption 
Coefficient of Porous Materials,” by E. C. Wente and E. H. Bedell, 
Bell System Technical Journal, vol. 7, January, 1928, pp. 1-10. 
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The descriptions of the various flight tests are accompanied: by 
charts and curves, which are qualitatively and quantitatively rep- 
resentative of measurements made in many planes under actual 
flight conditions. 

Noise Intensity. The first group includes a complete explora- 
tion of the noise intensities at various positions in the passengers’ 
and pilot’s compartments. Such measurements are illustrated 
and discussed under the descriptions of Figs. 8 and 9. These 
tests indicate the portions of these compartments at which noise 
is entering. From the measurements taken during the test, the 
average noise level in the plane is ebtained. In most planes, for 
instance, a large portion of the noise is generated adjacent to the 
front portion of the cabin, and enters the cabin at thisend. This 
is particularly true of planes equipped with direct-drive propellers 
turning at a relatively high rate of speed. 

Fig. 8 represents typical noise conditions at the level of the pas- 
sengers’ heads in an acoustically treated airplane. The noise con- 
tours shown are based on data obtained under normal flight con- 
ditions following the completion of acoustic treatment. Addi- 
tional data are also obtained from which to plot similar noise- 
intensity contours for sections near the floor and ceiling, both in 
the passengers’ and pilot’s compartments. In some instances 
noise distribution is shown more advantageously by means of 
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vertical contours, plotted from the same data. For the purpose 
of illustration, however, only the contours at head level in the 
passengers’ compartment are shown. 

The numerical values associated with the contours represent 
noise intensities above standard reference level. The average 
noise at the level of the passengers’ heads in this plane is found 
to be 84.3 db, which is 70.5 db with respect to 1 millibar sound 
pressure. In order to convert any of the values shown in Fig. 
8, or in any of the succeeding figures, to the previous standard 
reference level, it is only necessary to subtract 13.8 db. These 
lower numerical values are found in articles regarding airplane 
noise, particularly those written prior to the adoption of the 
present standard reference level. Therefore, in this article the 
noise values are occasionally given with respect to the old as well 
as the new reference levels, in order that confusion may be 
avoided. 

It is to be noted in Fig. 8 that in general the quietest portion of 
the cabin is in the center, which is farthest from the surfaces 
which radiate noise. In this plane the noise-potential gradient is 
greatest at the front, which is closest to the noise sources. The 
figures in the pilot’s compartment indicate that the difference in 
noise intensity between the pilot’s compartment and the passen- 
gers’ compartment is approximately 15 db. This is accounted 
for largely by the fact that this plane was equipped with two- 
blade direct-drive (nongeared) propellers, the tips of which 
came close to the skin of the pilot’s compartment. The principal 
noise component was found to be attributable to the propellers. 
Comparative measurements indicate that had this plane been 
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equipped with three-blade propellers geared to the engines, a sub- 
stantial reduction in the noise in the cabin and pilot’s compart- 
ment could have been effected. 

Fig. 9 is representative of noise conditions at the passengers’ 
head level found during the first flight prior to redistribution and 
final adjustment of the acoustic treatment. These values repre- 
sent measurements made prior to those shown in Fig. 8. The 
average head-level noise is 88.4 db or 74.6 db above the old ref- 
erence level. It is to be noted that in this case, noise enters not 
only from the front, but also from one side near the rear. This 
is attributable largely to leaks around the door which were re- 


LEFT SIDE 


PILOT'S 
BULKHEAD 


REAR 
BULKHEAD 


RIGHT SIDE 


CRUISING CONDITIONS 
SPEED — 18S MPH 


ALTITUDE - 8000 FEET CEILING 


Fig. 10 Norse-RApDIATION CHART OF THE INTERIOR SURFACE OF AN 
AIRPLANE CABIN Prior TO REDISTRIBUTION OF ACOUSTIC TREATMENT 


0 
Ww 
3 
a 100 
< 
ns 
al 90 
ao 
oO a) 
Be 
w 80 
Zz 
we 
Se 
3 = 
wo 
bute airs 
ze FREQUENCY HARMONIC 
uF 50 =F 
ro) ENGINE EXPLOSION 
a 2 
40 5 
f 
30 
RYO WE icles Raile.c) 200 300 500 700 1000 
FREQUENCY IN CYCLES PER SECOND 
CRUISING CONDITIONS 
SPEED-i8! MPH 
ALTITUDE- 8000 FEET 
Fic. 11 FrequENCY ANALYSIS OF NOISE IN THE PASSENGERS’ Com- 


PARTMENT OF AN AIRPLANE 


duced by improved sealing. By a redistribution of the treat- 
ment, the results of which are shown in Fig. 8, the noise coming 
from the surfaces of greatest radiation is reduced, thereby reduc- 
ing the noise level throughout the cabin. 

Noise Radiation From Surfaces. In addition to determining 
noise intensities throughout the cabin, it is also desirable to be 
able to measure the relative noise intensities being radiated from 
different surfaces of this compartment. This has been accom- 
plished by the use of a special microphone attachment used in 
conjunction with the sound-level meter. 

By means of this instrument the sound radiation from particu- 
lar surfaces may be measured to the effective exclusion of noise 
coming from the surrounding areas, even though the latter may 


predominate in magnitude by an appreciable amount. In some 
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instances, measurements on adjacent surfaces have been found 
to differ by as much as 15 to 20 db. The average radiation inten- 
sity multiplied by its area gives a product which is a measure of 
the relative contribution of that surface to the total noise. It 
can be seen that this provides a valuable means of determining 
the importance of the noise radiation from each surface, and the 
surfaces on which the acoustie treatment should be increased or 
decreased in order to obtain the maximum efficiency from every 
portion of the acoustic material used. For example, if the aver- 
age radiation intensity of a ventilation duct were 20 db above, or 
100 times, the average intensity over the remainder of the cabin, 
and if the area of that ventilation duct were one one-hundredth 
of the total area of the cabin, then the amount of noise energy 
radiated from this duct would be equal in magnitude to that 
radiated from the remainder of the cabin. The total noise level 
in the cabin would be practically 3 db higher than if the ventila- 
tion duct had the same radiation intensity as the other surfaces. 
The effect of this high radiation from the duct would of course 
raise the noise intensity much more than 3 db in the area im- 
mediately adjacent to the duct. 
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Fig. 10 shows a typical chart of surface-noise radiation made 
of a plane prior to redistribution of treatment. The figures 
given on the chart are relative to the average radiation intensity 
over the surfaces of the cabin. Negative values represent sur- 
faces having relatively lower radiation. Positive values are 
shown on surfaces having relatively higher radiation. In redis- 
tributing the acoustic treatment, the latter surfaces should be 
most heavily treated. 

An examination of Fig. 10 indicates the following: The sur- 
faces below the windows, particularly toward the front of the 
plane, are found to have an intensity from 2 to 9 db above the 
average, and therefore require additional treatment. The radia- 
tion from the floor is not particularly objectionable except in the 
extreme front of the cabin. The radiation from the ceiling is 
considerably below that of the average and therefore, except in so 
far as the acoustic material on the ceiling is valuable as an ab- 
sorption material, the weight of treatment could be reduced. It 
can be seen, therefore, that by means of the surface-radiation 
measurements the particular surfaces requiring additional treat- 
ment are shown. The use of such data has made it possible to 
reduce appreciably the noise level in planes, in some cases also 
with a reduction in the total weight of treatment. 
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Noise-Frequency Analyses. The measurements which have 
been discussed so far are of total noise, representing the summa- 
tion of all noise components present throughout the audible- 
frequency range. These components are weighted by the sound- 
level meter, as already described, in order to measure them as 
nearly as possible as the ear hears them. Fig. 11 shows the re- 
sults of measurements (not weighted) made with the frequency 
analyzer used in conjunction with the sound-level meter. The 
upper curve was made using the 200-cycle-band filter. This se- 
lects a band of noise 200 cycles wide at any portion of the noise- 
frequency spectrum, in the manner previously described. Such 
measurements extending over the frequency range from 100 to 
1000 cycles per sec, were made to obtain the data for plotting this 
curve. As is evident, the noise existing in the passengers’ com- 
partment consists principally of low-pitched tones or frequency 
components. For instance, the noise intensity at 100 cycles per 
sec was found to be 98 db above the reference level, whereas, the 
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corresponding intensity at 1000 cycles per sec was found to be 
only 61 db. In other words, the intensity of the sound energy at 
the lower frequency was found to be approximately five thou- 
sand times as great as the intensity of the sound energy at the 
higher frequency. 

The lower curve in Fig. 11 is irregular due to the fact that in- 
dividual noise components of the propeller and engine rotation 
are measured separately by the use of the 20-cycle-band filter of 
the frequency analyzer. By comparing the peaks of this curve 
with the engine-explosion, crankshaft, and propeller-blade fre- 
quencies plotted below the curves, it is evident that the engine- 
explosion fundamental frequency and harmonies are prominent. 
Almost equally prominent are the engine-crankshaft or propeller 
noise components. Inasmuch as they have the same frequen- 
cies in each ease, it is necessary to determine which of these pos- 
sible noise sources is more prominent by other tests. These are 
described in a following section of this article. 

Curves comparable to those of Fig. 11 and representing noise 
conditions in the pilot’s compartment are shown in Fig. 12. It 
will be noted that these characteristics are not only higher in 
noise level than those described for the passengers’ compart- 
ment, but they also have a steeper slope. The upper curve, for 
instance, made by the use of the 200-cycle-band filter of the fre- 
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quency analyzer indicates that the noise level at 100 cycles per 
sec is 129 db, whereas, the corresponding level at 1000 cycles 
per sec is 82 db. These are comparable to levels of 98 db and 
61 db for the passengers’ compartment. 

The 20-cycle band analyses in the passengers’ and pilot’s com- 
partments are different also with respect to intensities of peaks, 
those of the characteristic in the pilot’s compartment being much 
more pronounced. These are attributable to the preponderance 
of propeller noise in the pilot’s compartment. It is to be noted 


w 
wn 


w 
°o 


Ls) 
wo 


n 
° 


RELATIVE RMS _ VELOCITY JN DECIBELS 


S05 70 
FREQUENCY IN CYCLES PER SECOND 
CLIMBING CONDITIONS 
SPEED- 113 MPH 
ALTITUDE - 7000 FEET 
HORSEPOWER=— 80 % OF MAXIMUM 
ENGINE RPM-— 2100 


100 200 300 500 700 1000 


Fie. 14 Freeumncy ANALYSIS OF FUSELAGE VIBRATION IN THE 
PASSENGERS’ COMPARTMENT OF AN AIRPLANE. THE PLANE Was 
CLumMBING WITH THE PROPELLER IN Low PitcH 


ears 4575 a Wi sO is 
(SOA HOP ash, STS it 
Hes to ir elie oe 
es See ee 
ee aN ae 
freovency mason cowonents| | | 
esse ents | 1 tape | 


w 
°o 


sb 
w 


S 
° 


w 
w 


nN 
w 


nN 
° 


ENGINE EXPLO 4 
CRANKSHAFT © 


RELATIVE RMS VELOCITY IN DECIBELS 
w 
o 


50 70 100 200 300 500 700 1000 
FREQUENCY IN CYCLES PER SECOND 
CRUISING CONDITIONS 
SPEED- 180 MPH 


ALTITUDE — 8000 FEET 
HOR SEPOWER - 80% OF MAXIMUM 
ENGINE RPM — 2000 


Fic. 15 FreQquENCY ANALYSIS OF FUSELAGE VIBRATION IN PILOT'S 
COMPARTMENT 


that the components of the engine-explosion noise are over- 
shadowed by propeller and possibly also by engine-crankshaft 
noise. These peaks are identified as propeller rather than en- 
gine-crankshaft noise in the following paragraphs describing the 
characteristics of component noise. 

Vibration-Frequency Analyses. The analyses described so far 
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have been of noise picked up by the use of a microphone located 
in representative positions in the passengers’ and pilot’s compart- 
ments. It is not only desirable to analyze noises, but also the 
vibrations of important parts of the plane structure. 

Vibration data are measured in terms of rms velocity. Vibra- 
tion velocity, as so expressed, is proportional to the sound pres- 
sure which would be radiated from such a vibrating surface. 
The following is an example of the meaning of these vibration 
values. Ata 20-db level above the reference chosen of 1 mil per 
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sec rms velocity, a vibration of 100 cycles per sec would have an 
rms velocity of 10 mils per sec, or a peak velocity of approxi- 
mately 14 mils per sec. The maximum amplitude of vibration 
would be 0.045 mil. At the same level of 20 db, a tone of 1000 
cycles per sec would have by definition the same rms velocity 
and maximum velocities, but would have a maximum amplitude 
of vibration of only one tenth as great as that of the 100-cycle- 
per-sec vibration, or 0.0045 mil. 

Typical vibration analyses are shown on Figs. 13 and 14. 
These were made by the use of the vibrometer, described in a pre- 
ceding section of this paper, associated with the sound-level meter 
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and frequency analyzer. The 20-cycle-band filter of the fre- 
quency analyzer was used in making these measurements. The 
analysis of Fig. 13 was made with the plane climbing at 80 per 
cent power with the propeller in high pitch. Fig. 14 shows an 
analysis at the same position in the plane when climbing in low 
pitch with the same engine horsepower. The higher rotational 
propeller speed with the propeller in low pitch appreciably in- 
creased the propeller-tip speed and therefore the propeller noise; 
consequently, the propeller components are found to predominate 
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in Fig. 14, whereas, in Fig. 13 the engine-explosion components 
are found to predominate. 

To further emphasize the propeller-vibration components, the 
vibration pickup device was moved to the pilot’s compartment 
and fastened to a portion of the fuselage immediately adjacent to 
the propeller blades. The engine vibration path through the 
fuselage to this new location was longer than to the location meas- 
ured in the passenger compartment. Therefore, the engine- 
vibration component would be expected to be comparatively less 
prominent in the pilot’s compartment position. An analysis 
made with the vibrometer in this position is shown in Fig. 15. 
It will be noted that all components of the propeller rotational 
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speed both up to and including the seventh harmonic are very 
prominent almost to the exclusion of all other vibration com- 
ponents. 

These vibration data are useful in determining the extent to 
which noise is transmitted into the cabin through the fuselage 
structure as compared with that transmitted into the compart- 
ment through the air. The vibrometer is also useful in determin- 
ing the effectiveness of isolation mountings for the engines, floors, 
and seats, as well as other isolated portions of the plane. 

Separation of Component-Noise Characteristics. The analyses 
which have been discussed above, of noise and vibration, were 
made by the use of the frequency analyzer in conjunction with 
the sound-level meter, and either a microphone or a vibrometer. 
These measurements, though extremely useful are not all that are 
needed to reduce noise and vibration most efficiently. Airplane 
noise comes from three major sources: The propeller, the engine, 
and aerodynamic turbulence. These three noises vary independ- 
ently with airplane-performance factors. Aerodynamic noise is 
a function of air speed; propeller noise is a function of propeller- 
blade tip speed; and engine noise is principally a function of 
horsepower. Therefore, a determination of the noise character- 
istics of the components with respect to these factors becomes an 
important step in the process of separating the total noise into its 
components. 

To separate these components is not a simple process. It is 
obvious that from a measurement standpoint it would be ideal in 
measuring propeller noise to be able to remove the engines and 
other noise-producing parts of the plane. Likewise, in making 
flight measurements of engine noise, it would be desirable to 
eliminate the propeller. Such changes in flight are obviously im- 
possible. Less drastic methods must, therefore, be resorted to in 
separating the component noise characteristics. 

A series of tests, made under various flight conditions furnishes 
data from which simultaneous equations can be formulated. 
With the requisite number of equations for the number of un- 
knowns involved, it is possible to obtain a solution of the prob- 
lem. In this way the noise-component characteristics have been 
separated as shown by the representative curves of Figs. 16, 17, 
18, and 19. 

Fig. 16 shows the engine, propeller, and aerodynamic noise 
characteristics in the passengers’ compartment of a plane 
equipped with direct-connected propellers. In addition to the 
components, the total overall noise characteristic is shown as a 
heavy solid line. 

Contrasted with this are the data shown in Fig. 17. Two 
striking differences are to be noted. The propeller noise as shown 
in Fig. 17 is lower, due to a reduced propeller-tip speed. The 
engine noise, however, is much greater, due to the use of a stiffer 
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type of engine mounting. This increased stiffness appeared to 
be of minor importance and might not have been expected to 
cause such an appreciable increase in the noise as heard in the 
passengers’ compartment. A further stiffening of the engine 
mounting upon an experimental basis was found to cause a fur- 
ther increase in noise. This change resulted in a very disagree- 
able increase in fuselage vibration, which would have been dis- 
turbing to passengers. 

Figs. 18 and 19 show, respectively, the noise conditions ob- 
tained in the same type of plane with a two-blade direct-driven 
propeller and with a three-blade propeller driven through reduc- 
tion gears. In the former case, the propeller noise equaled the 
engine noise at approximately 1800 rpm, and became increasingly 
greater than the engine noise at higher engine speeds. In the 
latter case, the propeller noise was below the engine noise and 
even below the aerodynamic noise at all level-flight operating con- 
ditions. In the case of the two-blade propeller, operating at 2000 
rpm, a reduction in propeller noise of 5 db would reduce the over- 
all noise 3 db. With the three-blade propeller at 2000 rpm, a re- 
duction of the propeller noise by 5 db would result in a reduction 
of the total noise of only 0.4 db. In general, the greatest amount 
of overall noise reduction can be obtained by directing the efforts 
toward the reduction of the most prominent component or com- 
ponents. Where the various components are at approximately 
the same intensity they must all be reduced to obtain any appre- 
ciable further noise reduction. 


CONCLUSIONS 


It has been the aim in the presentation of this paper to illus- 
trate the importance of accurate and complete acoustic measure- 
ments in the reduction of noise and vibration in airplanes. Com- 
plete analyses can be made by experienced engineers having the 
proper measuring equipment which will enable them to attack 
the problem scientifically and efficiently and to determine the 
most economical means of accomplishing the desired results. 
Minor modifications may sometimes be resorted to, in order to 
effect a substantial reduction in noise and vibration. These may 
be equally as good or even more effective than expensive and 
major changes made without a full knowledge of the characteris- 
tics of the contributing noise and vibration sources. 

The authors wish to express their sincere thanks to the various 
airplane manufacturing companies and air lines who have sup- 
plied the planes and who have assisted in the numerous tests used 
as a basis for the preparation of this paper. They wish particu- 
larly to acknowledge the cooperation given by Hall Hibbard, 
vice-president and chief engineer of Lockheed Aircraft Corp., 
and C. N. Monteith, vice-president and chief engineer of the 
Boeing Airplane Company. 
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Functions for Solution of Three-Moment 
Equation for Beam Columns With 


Nonunitorm Loads 


By JOHN E. YOUNGER,? BERKELEY, CALIF. 


Novation 
ié | NVHE following notation (see Figs. 1, 2, and 3) is used: 


A, B, andC = three adjacent side supports of a beam 
column, in. 
M,, Mz, and M, = the bending moment at the points of sup- 
port, in.-lb 
= axial load impressed on the beam column, lb 
length of bay, in. 
= Young’s modulus of elasticity, lb per sq in. 
= moment of inertia of the cross-sectional 
area of the beam with reference to the 
neutral axis of bending, in.* 
= a concentrated side load, lb 
= a fraction, 0 to 1 
= \/(P/EI) 
= uniform side load, lb per in. 


THREE-MomENT EquaTION FoR BEAM CoLtumns WITH 
NONUNIFORM LoaAps 


It may be shown? that the three-moment equation for a con- 
tinuous beam column with a nonuniform side load f(x), a constant 
beam cross section, and with undeflected supports A, B, and C 
shown in Fig. 1 is 
Mallya 2M plyB, 


Mceaz OS Lif e age, 


2M pLoBo 
+: + 


1 
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in which 
6 GL cosec gL — 1) 

Oe... ee eee [2} 
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1 Professor of Mechanical Engineering, University of California. 
Professor Younger attended the University of California, receiving 
his B.S. in 1923, M.S. in 1924, and Ph.D. in 1925, in mechanical 
engineering. Among the positions he has held are reserve military 
aviator, 1917 to 1919; second lieutenant, U. S. Army; faculty of 
University of California, 1925 to the present, with the exception of 
two years spent as aeronautical engineer, Wright Field, 1927 to 1929. 

2 “Theory of Airplane Structural Members Subjected to Combined 
Axial and Nonuniform Transverse Load,” by J. E. Younger, Uni- 
versity of California publication in engineering, University of Cahi- 
fornia, Berkeley, Calif., vol. 2, no. 8, pp. 237-275. Also: ‘“‘Struc- 
tural Design of Metal Airplanes,’ by J. E. Younger, McGraw-Hill 
Book Company, New York, N. Y., 1935, pp. 176-185. 

Contributed by the Aeronautic Division and presented at the Na- 
tional Applied Mechanics Meeting of TH AMBRICAN SOCIETY OF Mer- 
CHANICAL ENGINEERS, held at the University of Michigan, Ann 
Arbor, Mich., June 18-19, 1935. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until October 10, 1936, for publication at a later date. Dis- 
cussion received after this date will be returned. 

Norn: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
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The functions a, 8, and y, of which tables* are extant, have long 
been in use for analyzing airplane stresses. 

3‘*Airplane Structures,’’ by A. 8. Niles and J. S. Sewel, John 
Wiley and Sons, Inc., New York, N. Y., 1929. <A standard set of 


functions as used in this country is given in this text. In this book 
j is taken as V/ (P/EI). 
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The author has prepared a table of functions for concentrated 
side loads and other nonuniform side loads, but because of the 
length of this table, the functions are presented here in graphical 
form in Figs. 4 and 5. 

In Equation [4] if we let x = KL, then 


1 : 
6 sin Kj L 6K 
(ee= sr [ee sin ji oF pac TK oo... 3: [7] 


In this equation, ZdK is an element of length as shown in 
Fig. 2, and f(KZ) is the intensity of loading at this point. Thus 
f(KL)LdK is the total loading which may be assumed to be 
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concentrated at the center of the element. Let this load be 


Q. Then we may write 


K=1 
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The author has calculated a table of the ¢ functions but, as 
previously stated, the functions are shown graphically in Figs. 4 
and 5 because of the length of the table. 

As an example of its use for a single concentrated load for each 
bay as shown in Fig. 3, assume the concentrated loads, Q; for 


bay 1, and Q. for bay 2. Then K, = Fs and K, = 2 Calculate 
1 


2 
jL for each bay. With these values of K and jl, the function 
¢ may be taken from Figs. 4 or 5. Thus y may be calculated from 
Equation [10]. 

As noted in Equation [10], a nonuniform side load must be 
considered as a series of concentrated loads and then calculated 
as indicated by Equation [7] and Fig. 2. Thus Equation [10] 
becomes, assuming values of 0.1, 0.2, 0.38, ....0.9 for K 


Y = 0.1Q0.1 + 0.2Q0.2 + 0.2003 + .. - bo.9Qo0.-.--- {11] 


from which y may be calculated. 
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Theory and Practice of Wire-Line Coring 
in Hard Formations 


By JOHN P. KLEP,! HOUSTON, TEXAS 


The author discusses the difficulties encountered in 
drilling oil wells through hard rock to deep horizons and 
the necessity for more accurate correlations. He points 
out the conditions for the successful correlation by geo- 
physical, electrical-resistivity, and microscopical examina- 
tions of well cuttings and discusses the necessity of coring 
to establish absolute characteristics of sediments, exact 
The principles 
and theory of wire-line coring are presented by the author 


, together with a discussion of the applications of the vari- 


ous known devices. He also compares wire-line coring 
with other methods. Reference is made to the introduc- 
tion of wire-line coring in hard-formation territory, to 
the difficulties encountered, and to the development of 
processes used to overcome these difficulties. 


HE continuing increase in the consumption of gasoline, to- 

gether with larger exports of crude oil and gasoline and 

recent higher prices, has stimulated the demand for crude 
oil without any prospect of prolific new pools being discovered. 
In order to meet the increased demand and to insure adequate 
supplies for the future, the major oil companies have recently 
started a wide exploratory campaign. Trading in leases and 
royalties in many parts of the country has been most active 
during the past twelve months. Many wildcat wells have been 
started recently in scattered areas. No particular section of the 
great Mid-Continent oil province has escaped the interest of the 
oil companies. New areas are being studied by the geological 
and geophysical departments of most operating concerns. Old 
pools are being deepened and new territory explored. 

Coincident with this renewed wildcat activity, and constantly 
increasing with the greater depths attained, are the many diffi- 
culties encountered in deeper drilling. Not very long ago, a 
5000-ft test was considered a hazardous enterprise. Today, many 
tests have been drilled below 10,000 ft and one deep well in 
west Texas recently reached the unprecedented depth of 12,786 
ft. Some weeks ago one operator carried a 12!/,-in. hole to 
7500 ft in hard formation with 6°/;-in. drill pipe. 

Many mechanical difficulties have to be overcome in order to 
obtain these great depths. Considerable improvements have been 
made both in surface and subsurface equipment. This is mani- 
fested by increased power per unit of weight, greater capacity 
of hoisting equipment, and increased strength and durability 
of tubular goods. The introduction of power pumping equip- 


1 Engineer, Reed Roller Bit Company. Mr. Klep was graduated 
as engineer of mines from the University of Louvain, Belgium, and 
received the degree of Master of Science in petroleum engineering 
from Oklahoma University. He is in charge of wire-line coring 
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Contributed by the Petroleum Division and presented at the Semi- 
Annual Meeting of, Tam Ammrican Society or MecuanicaL ENaI- 
NEERS, held in Dallas, Texas, June 15 to 19, 1936. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until October 10, 1936, for publication at a later date. Discus- 
sion received after this date will be returned. 

Nors: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 


ment and full-hole tool joints, the improvements in the technique 
of heat-treating, and the development of high tensile alloy steels 
have resulted in greater overall rig efficiency. This has increased 
drilling speeds and enabled the operators to penetrate even deeper 
through the earth’s crust. The development of the roller-bearing 
welded construction in rock bits and of new hard-metal substi- 
tutes for diamonds, together with their method of application 
on rolling and cutting surfaces, have practically eliminated from 
the reports the expression ‘‘too hard to drill.’ 

In recent years many improvements have been adopted by 
the operators in quest of deeper production. Many new methods 
of correlation are in use today which were not available a few 
years ago. These correlations are necessary to establish struc- 
tural and sedimentary positions. We can no longer be satisfied 
with the haphazard methods of the past. Deep drilling is at best 
a most expensive proposition and it is essential that the most 
accurate determinations be made to satisfy the many exacting 
requirements arising in the different departments of the oil 
companies. 


Mersuops or CoRRELATION 


Correlations based on resistivity of the formations have proved 
most successful in some areas, after some test wells had been 
drilled and cored in the area. This method is improperly called 
electrical coring. It is based on the relative resistances to elec- 
trical circuits of the formations encountered. The method is 
particularly adaptable in proven territory where cores have been 
previously recovered. By comparison with these physical sam- 
ples, this purely relative method of correlation approaches ab- 
solute correlations provided that one is not interested in ob- 
serving further the physical characteristics of the rocks en- 
countered. 

Geophysical correlation with reflection and refraction seismo- 
graphs, with the torsion balance, with the magnetometer and 
other instruments based on mathematical interpretation of 
physical data have produced excellent results in areas such as 
the Gulf Coastal Salt Domes and the upper Mid-Continent buried 
ridges. In some particular locations results have been disap- 
pointing and at times misleading, especially in those regions 
where several angular unconformities are encountered before 
reaching the expected pay. Furthermore, geophysical work 
requires highly trained specialists and, frequently, different 
parties have obtained different results when covering identical 
areas. 

Microscopic examination of well cuttings carried by the driliing 
fluid has approached a science in some territories but, due to the 
large number of variable factors involved, this method can 
hardly become an absolute and exact science under our present 
operating conditions. The method would at all times be perfect 
for accurate correlations if the drilling of an oil well were com- 
parable to the operation of a stabilized electric power plant 
where possible varying factors can be controlled with ease, where 
the results to be obtained are known, and where the quantities 
inyolved remain reasonably constant over a certain period of 
time. 

The drilling of a deep well is a most complex operation both 
from a human and a mechanical standpoint. Gradually the 
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human-error element is being replaced by accurate controllable 
machinery, but due to the ever changing formations encountered 
by the bit, no constant set of rules can be established. Each 
new well brings up its own new problems which must be solved 
as they appear. Factors such as viscosity and weight of the 
drilling mud seldom remain constant over a period of time. Like- 
wise, the velocity of the mud stream constantly varies with the 
nature of the formations encountered, some of which tend to 
slow down the pumps and thus increase the time for cuttings 
to come up from bottom. Furthermore, the diameter of the 
hole often changes due to caving and frictional wear from the 
drilling column, thus changing the time element beyond control. 
In certain softer formations it is extremely hard to determine 
zones with this method. Furthermore, no dips, porosities, or 
permeabilities are obtainable. 

Although these methods of correlation have produced excellent 
results in many cases and will undoubtedly continue to do so, 
no method has yet been devised which eliminates the necessity 
for actual bottom hole sampling of the formations, or, in other 
words, core drilling. This latter remains the only way to ac- 
curately check such factors as relate to position, dip, percentage 
of certain sediments in the vertical column, porosity, permeability, 
and saturation. Determinations made by coring are absolute 
instead of relative. Actual characteristics are obtainable. The 
necessity for more coring has increased due to the new territories 
in process of exploration and to the deeper horizons being sought 
in old areas. 


Cor5-BARREL OPERATION 


The use of core barrels has long been restricted due to the 
excessive cost per foot of hole cored. It is to be surmised that 
this high cost factor has caused us to pass up many interesting 
formations in recent years, particularly in areas where the rotary 
drilling fluid tends to mud off the walls of the hole. With the 
old conventional type of core barrel much time is lost in making 
frequent round trips from drilling bit to coring bit. Furthermore, 
most operators hesitate to use a full-gage core barrel because 
the large diameter of the outer barrel presents many dangers in 
case of a fishing job. The use of a 75/sin. barrel in an 11-in. 
hole necessitates the reaming of the core hole before getting 
back to bottom with a drilling bit. This creates more lost time 
and increases the bit bill due to increased bit wear and frequent 
necessity of pulling bits which are green but not green enough 
to run back in a deep hole. 

Besides these cost items, which have been mentioned, frequent 
round trips with the drill stem constitute a grave element of 
danger in many holes due to friction against the walls which may 
tend to slough off, or to heaving and caving characteristics of 
certain formations when the hydrostatic pressure against them 
is reduced by removal of the drill pipe from the hole. Further- 
more, each additional trip creates more wear and tear on surface 
equipment, drill pipe, tool joints, and drilling lines. These items 
will add up to impressive figures over a period of time. 

Another disadvantage of the conventional type of core barrel 
is the increased necessity of accurate mud control due to long 
periods during which the mud is not moving but trips are being 
made. During these periods the physical characteristics of the 
mud have time to change and must be corrected before resuming 
operations. Some geologists claim that the use of a conventional 
type of core barrel destroys the value of accurate sample work 
because of a smaller hole drilled and the much smaller quantities 
of cuttings removed from bottom. 

As an illustration, consider the drilling of an 11-in. hole at a 
rate of 1 in. per min. For each inch drilled, 95 cu in. of material 
per min are removed from the hole by the bit. If it were desired 
to take a core with a conventional type of core barrel, the bit 


must be removed from the hole and a 7°/s-in. core barrel must 
be run in. The cutter head cuts a 31/s-in. diameter core. The 
rest of the hole, which is the difference between a 7°/s-in. diameter 
cylinder and a 3'!/;in. diameter cylinder, is removed by the 
mud in the form of cuttings. At the same rate of penetration, 
that is, 1 in. per min, instead of removing 95 cu in. of material 
per min from the bottom of the hole, only 38 cu in. would be 
removed, thus destroying the continuity of accurate volume 
sample work. 

Another disadvantage of the conventional type of core barrel 
is the large possible percentage of error if a core were missed 
or the recovery very low. Due to the nature of conventional cor- 
ing it is usually necessary, from an economic standpoint, to 
cut as long a core as possible. This practice, on the other 
hand, is not desirable from a geological and mechanical stand- 
point, because the longer the core, the smaller are the chances 
of good recovery. By cutting a long core, the percentage of 
error is increased as the following example will show: Some 
California operators are in the habit of running core barrels 30 
and even 40 ft in length. Suppose the recovery to be 50 per cent, 
the error in vertical position of the recovered core is between 
15 and 20 ft in the section, under best recovery conditions, 
that is, supposing the recovered core to be a continuous section 
representative of subsurface position. If the length of core is 
reduced to 5 or 10 ft, the error is only 2!/, to 5 ft under the same 
conditions, but the cost of recovering a core becomes prohibitive 
due to the number of round trips necessitated, consequent loss 
of time, and wear and tear on all equipment. 

These many inconveniences have, for the most part, been 
removed by the use of the wire-line core barrel. 


THe Wire-Line Corre BARREL 


This tool differs from the conventional type of core barrel 
because instead of lowering the inner barrel inside the outer 
barrel on the drill stem, necessitating a complete round trip each 
time a core is cut, the inner barrel is dropped inside the drill 
pipe from the derrick floor, with the outer barrel integral with 
the drill pipe and stationary in the bottom of the hole. The 
removable inner barrel floats down through the drilling fluid, 
and, upon reaching bottom, locks itself in the outer barrel 
which is a drill collar or reamer located just above the drilling- 
coring bit. After the core has been cut, the inner barrel is re- 
moved from the outer barrel with a small overshot, operating 
from a sand line. To drop the core barrel and later on to remove 
it, it is necessary only to break the kelly. A trip on the sand line 
at 4500. ft requires about 20 min, whereas a round trip with the 
drill pipe would have taken from 3 to 4 hr. 

The first wire-line coring experiments were conducted in the 
Gulf Coast country some eight years ago. Since January, 1929, 
it is estimated that wire-line core barrels have been used on some 
2500 wells in the Gulf Coast territory alone. Approximately 
100,000 cores have been cut. 


PRINCIPLES OF OPERATION OF THE Wrr5-LINE CorE BARREL 


The fundamental principle of operation of a wire-line coring 
tool is extremely simple. The purpose of the mechanism is to 
enable the operator to take a number of cores, from 5 to 10 ft 
long, at any depth, without removing the drill stem from the hole. 
It is never necessary to core continuously, if it is not desired to 
do so. The tool is designed in such a manner that it can be used 
alternately as a drilling bit or a core bit without removal of the 
drill stem. The interval between round trips of the drill pipe is 
limited by the hardness of the formations drilled. In some in- 
stances, wire-line coring equipment has enabled operators to 
make from 500 to 1000 ft of hole, taking cores every 50 to 100 
ft or coring almost continuously, before a round trip became 


/ hole to full gage and has an opening in its 


’ obstruction within the bit head. 
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necessary. These extreme results have been obtained in some 
of the softer formations of the Gulf Coast Plain and of the Nor- 
thern San Joaquin Valley of California. 

_ Wire-line coring equipment does not differ in principles of 
construction from the fundamental principles of bit and core 
bit construction. It embodies the principles of both. 


PRINCIPLES OF CONSTRUCTION 


All modern conventional-type core barrels are composed of 
‘three parts, the outer barrel, the inner barrel, and the cutter 
head. On the other hand, the principles of hole making are 
embodied in the design of the various kinds of drilling bits, which 
can be briefly classified as drag bits and rock bits. 

The wire-line core barrel, which is also a drill- 
ing tool, therefore, consists of four essential 
parts, the drilling-coring bit, the outer barrel, 
the removable inner barrel, and the overshot 
assembly or inner barrel removing mechanism. 

The Drilling-Coring Bit. The drilling-coring 
bit, one of which is shown in Fig. 1, cuts the 


center which allows the core barrel to protrude 
ahead of the bit, or, in some designs, to seat 
within the bit. Different drilling bits are 
adaptable to different formations. In the softer 
formations an ordinary fishtail-type two-way 
bit shown in Fig. 1 is most generally used. 
As the formations get somewhat tougher the 
fishtail bit is replaced by a three-way or a 
four-way drag bit, one of which is shown in 
Fig. 2. The most efficient drag bit is the type 
that uses welded-in replaceable blades of drop- 
forged heat-treated alloy steel and dressed with 
hard abrasive inserts. In hard formations a 
roller-bearing rock bit with replaceable welded- 
in cutters, such as shown in Fig. 3, is used. 
When any of these types of bits is used for 
drilling only, that is, during a period when no 
core is desired, the center hole through the bit 
must be plugged by a specially hardened dia- 
mond-pointed center bit which occupies the 
same position as would the core barrel if the 
tool were being used for coring purposes. This 
center bit breaks up the core which would form 
inside the bit, through the center hole, with 
consequent plugging of the bit and impossi- 
bility of recovering further cores due to the 


The hard-formation roller-type drilling-cor- 
ing bit shown in Fig. 3 is interchangeable 
with the previously mentioned drag bits and 
all other equipment remains the same whether 
drilling in hard or soft formations. Within the 
head of the drilling bit is welded a hardened 
slush ring which prevents the core barrel or 
center bit dropping through the drilling bit and 
permits drilling mud to be circulated when 
the core barrel or center bit is in place. 

The Outer Barrel. The outer barrel consists of a drill collar 
for soft formations and a three- or six-point contact reamer for 
hard formations. The drill collar and reamer are interchange- 
able and of a certain specified length. Above the drill collar or 
reamer is the drill-collar sub which connects to the drilling string. 
This sub is furnished with any kind of upper connection desired 
in order to enable the operator to make up the rest of his string 
with certain lengths of drill collar, reamers, or stabilizer as he 
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Fig. 2 Turen-Way Bir W1rTH ProtruDING Core BARREL AHEAD OF 
THE Bit 


Fig. 3 Srx-Pornt Contact ReAMER AND Harp-ForMaTION DRILL- 
1nG Bir Wira ProtrupiInG INNER CORE BARREL 
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sees fit. The lower part of the drill-collar sub is equipped with 
an inside threaded core-barrel locking device which is known as 
the core-barrel driver, the purpose of which is to lock the core 
barrel or center bit in place and drive it. 

The Inner Barrel. The inner barrel does the actual core 
cutting. Fig. 4a shows a complete inner-barrel assembly with 
core-cutter head of one of the most popular designs now on the 


4 
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Fie. 4 Inner Core Barres aND INNER-BARREL FisHine Toois 


{(a) Inner core barrel. (b) Diamond-point replacement for core barrel dur- 
ing drilling operation. (c) Overshot assembly for retrieving inner core bar- 


rels. (d) Trip tube for releasing overshot assembly from the inner 
core barrels. ] 
market. Fig. 4b shows the same inner barrel equipped with 


diamond-point center bit for drilling the center of the hole 
when it is not desired to core. Fig. 1 shows the inner-barrel as- 
sembly locked in place within the outer barrel. The drilling 
bit illustrated is a two-way drag bit. In hard formations this 
bit together with the drill collar shown would be replaced by 
the assembly in Fig. 3, which shows an outer barrel with a six- 
point contact reamer and hard-formation drilling bit with core 
barrel in position. Some operators, even in hard formation, 
prefer the outer barrel with a drill collar rather than the 
reamer. Fig. 2 shows a drill-collar outer barrel with a three- 
blade drilling-coring bit and core barrel in position. Different 
manufacturers have adopted different standards in the size of 
the core cut. At the present time the most commonly used 
wire-line core barrels cut a core from 11/, in. to 21/4 in. in diameter, 
depending on the available inside diameter of the drill pipe 
through which the inner barrel must descend. Full-hole tool 
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joints are a desirable but not indispensable auxiliary to the opera- 
tion of the wire-line core barrel. The larger diameters through 
full-hole tool joints enable the manufacturers to furnish inner 
barrels of larger diameter capable of increasing core diameter 
and thus resulting in greater core recovery. If full-hole tool 
joints are not available, it is necessary that the inside shoulder 
of the pin end of small-hole tool joints be beveled off to 15 deg 
to eliminate battering of the core barrel during its downward 
travel through the drill pipe. 

The core-barrel carrier body shown in Fig. 1, is equipped with 
a driving dog which expands under and against the core-barrel 
driver. Thus the core barrel or center bit, as the case may be, 
is locked in position and caused to rotate with the drilling bit. 
The core-barrel spring body shown in Fig. 1 is designed to 
allow the operator to regulate the load on the core-cutter head 
and permit the cutter head to retract within the drilling bit when 
it is first set on bottom, so that too much weight cannot be put 
on the core barrel. With the rotation of the pipe, the spring- 
loaded inner barrel continually cuts its core ahead of the drilling 
bit to obtain a high percentage of uncontaminated core. This 


Fie. 5 » Drmuine-Corine Bir ArracHEep To THE Drint CoLLaR 
AND OUTER BarreEL Reavy TO RUN IN THE HOLE FOR DRILLING AND 
CorRING 


is of particular advantage in drilling formations that tend to 
break up by action of the drilling bit or to wash away by the slush 
motion. 

The lower part of the spring-valve assembly shown in Fig. 1 is 
equipped with a valve which permits the expulsion of the mud 
as the core enters the barrel. 

The inner barrel seats within the drilling-bit head. Experi- 
ments have been conducted with two different types of inner- 
barrel construction. In one construction, the core-cutter head 
protrudes ahead of the drilling bit to cut the core. In the other 
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type of construction, the core is cut by the inside rollers of the 
drilling bit, the core-cutter head being eliminated. Good results 
have been obtained with both designs and it is a matter for the 
local field men to decide which type of construction will be most 
adaptable to their particular problem. 

The Overshot Assembly and Auxiliary Equipment. The overshot 
assembly or inner-barrel fishing mechanism is operated from a 
sand line and lowered inside the drill pipe after the kelly has 
been broken. The usual size of sand line is 9/i, in. or §/s in. For 
deep coring below 10,000 ft, a #/,-in. line is suggested. 

When the overshot reaches the core barrel, the overshot dogs 
attach themselves to the spearhead at the upper end of the inner 
barrel. An upward pull on the wire line causes the driving dog 
to retract from under the driving ring, thus releasing the core 
barrel for its upward travel to the derrick floor. The overshot 
assembly consists of a socket babbitted to the line, a 5 or 10-ft 
weight and the overshot proper. The wire line is run through a 
rubber line guide which prevents the top tool joint from being 
cut by the line and supports the trip tube which is dropped if 
the core barrel should become stuck. When the trip tube is 
released it slides down the wire line over the springs of the over- 
shot head, causing the springs to expand the overshot dogs and 
release the overshot from the spearhead of the core barrel. 
Fig. 4c shows the overshot assembly with socket, weight, and 


Fie. 6 Compietn INNER CorE BarreEL Reapy to Br Droprrp 
Down THE DriLu PIPE 


overshot head. Fig 4d shows the trip tube supported by the 
guide plug. 
OPERATION OF WIRE-LINE DriLtiinc-Corinc EQuiPpMENT 


Fig. 5 shows the drilling-coring bit attached to the drill-collar 
outer barrel and special upper sub, ready to run in the hole for 
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drilling or coring purposes. The inner barrel with cutter head or 
center bit will be dropped through the drill pipe after the bit has 
reached bottom and the hole has been prepared by circulating for 
a few minutes. Fig. 6 shows the last joint of pipe gripped by the 
slips in the rotary table. The complete core barrel is picked up 
and ready to drop down through the drill pipe. Fig. 7 shows the 


I 


Fic.7 Inner Core BARREL BEING DroppEpD DOWN THE DRILL PIPE 


complete core barrel being dropped inside the drill pipe, with 
the kelly hanging and ready to be screwed on as soon as the inner 
barrel has reached bottom. It is not necessary to wait for the 
inner barrel to reach bottom before making up the kelly, but it 
is advisable not to start circulation with the pumps before the 
inner barrel has become locked, in order to avoid any additional 
impact from the pulsations of the drilling fluid. When the 
inner barrel has reached bottom, coring is started in the usual 
manner. No set of rules and regulations can be established 
governing the operation and the way to run a wire-line core 
barrel, just as no rules or regulations can be established in drilling 
practice. The operation of the core barrel is dependent on many 
factors, the most important of which are (1) the nature of the 
formations encountered, (2) the condition of the hole, (8) the 
physical characteristics of the drilling fluid, (4) the size of the 
hole, and (5) the size of the core being cut. In ordinary rock-bit 
drilling it seems advisable to rotate the core barrel rather slowly, 
with the table turning at40 to 60 rpm. It also seems that the 
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an 8 5/s-in. hole, from four to six points of weight usually seem 
to be sufficient. If the size of the hole is inereased to 11 in. or 
121/, in., the weight will usually be increased proportionately, 
but the best results are still most generally obtained with slow 
speeds of rotation. The mathematical characteristics of the drill- 
ing fluid, pressure and volume, do not seem to greatly affect core 
recovery in hard formations. It is generally accepted that 400 
to 600 lb of mud pressure are desirable. 

After the required amount of hole is drilled for the length of 


core desired, the kelly is removed and the overshot is run on the 
wire line through the drill pipe to recover the core barrel. Fig. 
8 shows the overshot assembly being lowered through the drill 
pipe and Fig. 9 shows the trip tube in place protected by the line 


Fic. 8 OversHot AssemMBLY Bering LOWERED THROUGH THE DRILL 
PIPE 


Fic. 10 INNER Core BARREL ATTACHED TO THE OvEeRSHOT HBAD 
AFTER THE WHOLE ASSEMBLY Has BEEN REMOVED FROM THE HOLE 


Fie. 9 OversHor Trip TuBE IN PLACE PROTECTED BY THE LINE 
GUIDE 


: ‘ : é Fic. 11 One Tyrese or AUXILIARY REEL FOR OPERATING THE 
best results are obtained by not running too light on the bit. gyrany, Wire-Line AND OversHoT ASSEMBLY IN RECOVERING THE 


This depends, of course, upon the size of the hole being cut. In INNER CorE BARREL 
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guide. Fig. 10 shows the core barrel attached to the overshot 
head after the whole assembly has been removed from the hole. 
Fig. 11 shows one type of auxiliary reel for operating the small 
wire-line and overshot assembly in recovering the core barrel. 

After the inner barrel has been removed from the drill pipe, 
another core barrel or center-bit assembly is dropped inside the 
drill pipe and the kelly is replaced. Drilling or coring is now 
resumed, as the case may be. 

Having the core barrel with its core on the derrick floor, the 
cutter head and core catcher are detached and the core removed, 
as shown in Fig. 12. 


DEVELOPMENTS IN WIRE-LINE CoriInG oF Harp FORMATIONS 


The first experiments in adapting the wire-line core barrel 
from the proven drag-bit territory to the rock-bit country were 
conducted in California from December, 1934, through February, 
1935, on The Texas Company’s Jared Howe No. 1 in Kern 
County, San Joaquin Valley. Forty cores were cut in the ex- 
tremely tough Gould Hills shale in an 8'/,-in. hole between the 
depths of 3041 ft and 4072 ft, with relatively good success. 

In August, 1935, the wire-line core barrel was introduced in 
Oklahoma at the request of the Sinclair-Prairie Oil Company. 
During the past eight months, a number of cores have been cut 
in Oklahoma with this type of core barrel on several wells in 


REMOVAL OF CorE FRoM THE INNER CoRE BaRREL 


Fig. 12 


widely different localities using sizes of 8°/s, 11, 12, and 121/; in. 
Core recovery has approximated 50 per cent in all sorts of for- 
mations from the upper Pennsylvanian to the Arbuckle limestone. 
Excellent results have been obtained in practically all of the 
Pennsylvanian section. More research work will be necessary in 
order to obtain satisfactory cores in the Viola-Bromide series 
and the Arbuckle limestone. These formations tend to break 
up in small chunks and foul in the barrel. 

The author believes that better success can be obtained in 
hole sizes up to 1J in. rather than in larger holes because, if 
full-hole tool joints are used, the same size core has been hither- 
to cut regardless of the size of the hole, from about 8 in. on up. 
The reason for this is mechanical. The relative proportional 
areas of core cut to hole cut is greater in the smaller bit than in 
the larger, providing the size of core remains the same. As this 
relative proportion increases, the chances of obtaining satisfac- 


tory cores also increases. The 12!/,-in. size has given some ex- 
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cellent results in three wells in Southern Oklahoma, but results 
obtained in smaller holes have been more generally successful. 
However, with the increased demand for 53/15 in. and 6°/s in. 
full-hole tool joints and 41/2 in. internal flush drill pipe, the pos- 
sibility of manufacturing larger diameter inner barrels has 
occurred. At this time successful experiments are being carried 
out with inner barrels capable of cutting larger-diameter cores. 
It is hoped that by thus increasing the diameter of the core, the 
recovery in a 12!/-in. or 11-in. hole will be as good or better than 
the recovery previously obtained with a smaller inner barrel 
in an 8°/;-in. hole. 

The solution seems to be mathematical but the problem 
consists of transposing the abstract mathematical formulas 
into mechanical realities. The question of proportional areas 
and their relation to drilling efficiency and increased core recovery 
has been the subject of considerable study. This study has 
resulted in new forms of construction. As is usual in develop- 
ment work, time and experience are teaching us many valuable 
lessons which will be incorporated in more efficient designs as 
soon as the data become available. 

Recent results obtained have rendered possible the construc- 
tion of a bit which will cut the various formations encountered 
in these areas with almost as much efficiency as a rock bit of the 
same size. The object was to design a bit which would present 
nearly all of the advantages of speed and durability of the regular 
rock bit, while allowing the operator to take cores at any time 
without removing the drill pipe from the hole. 


Discussion OF RESULTS AND TREND OF FUTURE DEVELOPMENT 


In the light of the data presented in this paper, it would seem 
that the results obtained to date are extremely satisfactory. 
Certainly much progress has been made during the past eight 
months. Quoting from a company report: “Considering all 
factors, the wire-line method of coring is operating satisfactorily 
and is a considerable improvement over the usual method of 
taking cores. Not only does it increase drilling speed and de- 
crease costs while taking cores but also, due to these factors 
and its ease of operation, it affords the geologist on the well a 
simple method of determining the lithology at any point in the 
well.” 

But the demands of the oil industry are continually becoming 
more exacting. Results which may appear gratifying today will 
have become a commonplace tomorrow. The use of full-hole 
tool joints is becoming practically universal. The deeper one 
goes in search of the oil, the larger the hole drilled. These factors 
have enabled the manufacturer to design larger, stronger, and 
more efficient equipment. It has been mentioned previously that 
experience shows the wire-line core barrel to be more efficient 
in smaller holes. It has also been the author’s experience that 
the larger the bit, the less efficient it becomes as compared to 
a rock bit of the same size. It has been noticed that in an 8°/,-in. 
hole there was very little difference between the performance of 
the regular rock bit and the performance of the wire-line rock 
core bits. When the size of the hole is increased, for instance, 
to 12!/, in., the discrepancy in performance seems to increase 
and we should be tempted to say that, at the present time, the 
regular rock bit is about 30 per cent more efficient in this larger 
size. Experiments are now being conducted in the development 
of a new rock core bit which will tend to approximate the overall 
efficiency of the larger rock bits. By increasing the efficiency of 
the bit itself and increasing the diameter of the core cut, it is 
hoped, after sufficient new experiments have been conducted, to 
furnish the operators with a combination drilling and coring tool 
which will approximate the combined efficiency of a regular rock 
bit and a conventional type of core barrel, without presenting 
the inherent disadvantages of the latter. 
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Development of the Air-Float Method 
of Gravity Separation 


By R. R. SEAYMAKER,! DALLAS, TEXAS 


The author gives the historical background and reviews 
the development of the air-float or pneumatic type of 
gravity separator used by the producers of such com- 
modities as seed, beans, peas, peanuts, rice, wheat, coffee, 
cork, and coal. The principle of this type of separator is 
based on the fact that when particles of approximately 
the same size but of varying densities are fed over a porous 
table through which air is being blown at a velocity such 
that the lightest particles are held at the point of suspen- 
sion, there is a tendency to stratify the mass with the 
heaviest particles nearest the table and the lightest par- 
ticles farthest above the table. When in addition, the 
table is given a motion similar to that of a grasshopper 
conveyor, the heavy stock will climb the conveyor faster 
than the light stock, thus grading the particles from 
light to heavy all along the table. 

The first machine described by the author is an electro- 
static separator which was designed to concentrate dry 
placer consisting chiefly of silica, iron oxide, and free gold. 
This first design was discarded because of low capacity, 
and a pneumatic jig was designed with an inclined con- 
veyor belt of porous material across which wooden cleats 
were fastened. A chance inspection of the Wilfley table, 
a wet-process concentrator, led inventors Sutton, Steele 
and Steele to use a flat reciprocating conveyor instead of 
the belt conveyor in their pneumatic jig. A demand for 
increased capacity of the latter design, which has con- 
stantly been improved, has led to the steadily enlarging 
field for the application of the air-float gravity separator. 


RODUCERS of such dry commodities as seed, beans, peas, 
peanuts, rice, and wheat have long been familiar with the 
air-float or pneumatic type of gravity separator. The 
activities of the American Coal Cleaning Corporation using 
Sutton, Steele and Steele pneumatic coal cleaners are doubtless 
well known to the coal industry. Coffee producers in South 
America have used the machines to grade coffee beans. Pecan- 


1 Engineer in charge of production, Sutton, Steele and Steele, Inc., 
and Associate Professor of Mechanical Engineering, Southern Metho- 
dist University. Mem. A.S.M.E. Mr. Slaymaker received the 
degree of B.S. in mechanical engineering in 1925 from the Uni- 
versity of Nebraska, and M.S. in 1932 from Iowa State College. 
He was associated with the Dravo Contracting Company, Pitts- 
burgh, Pa., the University of Arkansas as instructor in mechanical 
engineering, and with the Jones and Laughlin Steel Corporation, 
Pittsburgh, Pa., from the time of his graduation in 1925 to Septem- 
ber, 1928. From 1928 to 1932 he was assistant professor of mechani- 
cal engineering at Southern Methodist University. He began to 
practice as a consulting engineer in 1933 which lead to his present 
position with Sutton, Steele and Steele, Inc. 
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growers have learned that the gravity separator will remove 
good from bad pecans in the shell. Manufacturers of ground 
cork use the tables to remove “hard back” from good cork. 
Oil refiners have found the separator to be a means of removing 
inert particles from their fuller’s earth,? and the sugar industry 
uses it to clean bone char. But to the engineering profession 
as a whole such a device is probably unknown, and it is un- 
likely that even the users of the machine know how it came into 
being, or what is being done by a concern whose sole business is 
that of making separations. 


FUNDAMENTAL PRINCIPLE 


When particles of approximately the same size but of varying 
densities are fed over a porous table through which air is being 
blown with a velocity such that the lightest particles are held 
at the point of suspension, there is a tendency to stratify the 
mass with the heaviest particles nearest the table and the lightest 
particles farthest above the table. When the table is given a 
motion similar to that of a grasshopper conveyor, the heavy stock 
will climb the conveyor faster than the light stock thus grading 
the particles from light to heavy all along the table. Such are 
the essentials of the air-float method of gravity separation. 


Tue First Surron-STEELE ELECTROSTATIC SEPARATOR 


The present pneumatic separator is an outgrowth of a sepa~ 
rating machine which operates under an entirely different prin- 
ciple, but it is impossible to relate the development of the air- 
float separator without mentioning its predecessor. 

In 1898 Henry M. Sutton and Walter L. Steele were engaged 
in the business of manufacturing dustproof direct-current motors 
and generators. A customer, while waiting for a motor to be re- 
paired, told of a rich placer claim which he owned and was unable 
to operate because of the lack of water. The possibility of work- 
ing placer dry appealed to Messrs. Sutton and Steele, and they 
turned their attention to devising a means of making the separa- 
tion. 

Being already familiar with the effect of a statically charged 
glass rod on other nonconductors, their first attempt was the 
machine shown in Fig. 1 which was designed to separate metallic 
particles from nonmetallic particles by means of static electricity. 
A diagram of the machine is shown in Fig. 2. Referring to Fig. 2, 
the ore was delivered from the feed hopper A to a rubber con- 
veyor belt B by means of a vibrating feed pan C. The vibrating 
pan was used to spread the ore evenly in a thin sheet upon the 
conveyor belt. Over the belt was a suction hood D the inlet to 
which was covered with about a quarter-mesh screen. In 
order to make an electrical conductor out of the rubber belt it 
was covered with a coat of metallic paint. The belt was then 


2A Specific Gravity Separating System for Maintenance of 
Maximum Quality Fuller’s Earth,” by A. L. Shepard, Proceedings 
of the American Petroleum Industry, vol. 15, 1934, p. 120 of Sec- 
tion 3, group sessions on refining. Also: ‘‘Specific-Gravity Sepa- 
rating System for Maintaining Fuller’s Earth Quality,” by A. L. 
Shepard, The Oil and Gas Journal, vol. 33, November 15, 1934, p. 
115. 

3 “Removal of Inert Material from Bone Char,” by James M. D. 
Brown and Watson A. Bemis, Industrial and Engineering Chemistry, 
vol. 26, 1934, p. 918. 
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charged positively by means of the needle-spray electrodes E 
connected to the positive side of a Wimshurst static generator. 
These electrodes, of which there were ten, had the same effect as a 
brush. That is, the charge was transferred from the needle 
points to the metal-surfaced belt through the air by conduction, 
and the belt became charged with the same sign as the electrode. 
The wire screen at the entrance to the suction hood and the nega- 
tive side of the static generator were grounded. The speed of 
the belt was so adjusted that by the time the ore reached the hood 
it would have received a positive charge from the belt and would 
be repelled upward toward the suction hood. The machine was 
designed to concentrate dry placer, the chief constituents of which 
are silica, iron oxide (black sand) and gold. In this separation 
the metallic particles of black sand and gold were repelled first, 
but upon nearing the grounded screen they lost their positive 
charge and fell back by gravity to the belt. The metallic par- 
ticles would then oscillate up and down between the sereen and 
the belt but were never able to get past the screen and into the 


draft of air in the suction hood. ‘Therefore, they were deposited 


Tue First SuTTON-STEBLE ELECTROSTATIC Dry CONCEN- 
TRATOR 


Fie. 1 


as concentrates in a bin at the end of the conveyor belt. Be- 
cause the silica and other nonconducting particles required more 
time both to receive and lose a charge, they would not be in- 
fluenced by the grounded screen but would pass through it, still 
carrying a positive charge, into the draft of air which would 
finally deposit them in a cyclone collector. 

When operating the machine commercially, the miner was 
required to size his placer to about that of a 20-mesh screen and 
then separate the black sand and gold from the gangue, after 
which he would pan the gold from the black sand. 

The device had a very low capacity. In addition, it de- 
veloped another defect which was not apparent to the inventors 
in the beginning. The machine made no separation whatever 
on conipletely dried ore. So-called naturally dry ore contains 
enough moisture to slightly coat all particles, and it is this 
film of moisture which renders a nonconductor sufficiently sus- 
ceptible to a static charge so that the time necessary to charge 
it is but little longer than the time necessary to charge a con- 
ductor. Therefore, when heated ore was run over the first static 
separator, the nonconducting particles took so long to receive 
their positive charge that they were out from under the hood 
before they were repelled by the belt. In other words the 
metallic particles vacillated up and down as before, but the 
nonmetallic particles were unable to leave the belt, and the 


entire mass was deposited in the bin at the end of the conveyor 
while nothing went up the suction hood. It was while perfect- 
ing a revised design capable of handling completely dried ore, 
that the idea of the gravity separator occurred to the inventors. 

From this time on the development of both static and gravity 
separators progressed simultaneously. 


Tue ArIzONA Dry WASHER 


In order to have a better conception of the practical appliea- 
tion of their statie machine, Sutton and Steele made a trip 
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to the placer deposits of New Mexico. There they saw the 
popular concentrator of the day, the Arizona dry washer, a 
diagram of which is shown in Fig. 3. 

In the Arizona dry washer ore was fed from a hopper and 
flowed by gravity over a porous tray on which wooden cleats were 
placed at right angles to the flow of ore. The porous tray formed 
one side of a bellows which was actuated by a handle at the rear of 
the washer. The bellows produced a series of small blasts which 
blew the ore away from the tray. Being heavier than the gangue, 
the gold and black sand would not be lifted far above the tray and 
would eventually become trapped behind the cleats while the 
gangue traveled on down the slope. At the discretion of the 
operator the machine was stopped, the tray removed, and the 
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gold panned from the black sand. The dry washer, although 
not nearly as accurate a concentrator as the electrostatic machine, 
had considerably more capacity. It was this fact which decided 


Sutton and Steele to build a pneumatic jig based on a principle 


a ~ 


suggested by the Arizona dry washer. 


Tue PNEuMaTIc JIG 


About 1902, E. G. Steele, brother of W. L. Steele, joined the 
organization and these three men were responsible for the first 
pneumatic jig shown in Figs. 4 and 5. As in the electrostatic 
separator, ore was delivered to a belt B shown in Fig. 4 from 
the hopper A by means of the vibrating feed pan C. The belt 
was porous and equipped with transverse wooden cleats similar 
to the tray on the Arizona dry washer. Between the rollers 
which carried the belt, and close to its bottom surface, was placed 
a bellows which served to agitate the mass as the belt moved up 
the slope. As the material passed over the separator it was 


_, rendered more or less fluid by the small blasts of air from the 


bellows, and the gangue would flow down the slope while the 
gold and black sand would be retained and eventually deposited 
in the concentrate bin D. A partition was added as a refinement 
to the bellows which made it possible to separate some of the 
black sand from the gold. This partition, shown in Fig. 4 was 
placed in the bellows a few inches below the surface of the belt. 
It contained valves which served to trap air between the porous 
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deck and the partition, thus creating an air reservoir or air chest. 
Directly under the feed pan another partition was located, per- 
pendicular to the belt, which divided the air chest into two parts. 
In the smaller part were placed fixed baffles which restricted the 
area through which the air passed, thus increasing the air velocity 
enough to lift some of the black sand away from the gold. 

Finally, then, in the section of belt below the feed, the gangue 
or lighter portion of the placer was lifted from the belt, and the 
black iron oxide containing free gold was retained on the belt 
between the cleats. This was accomplished by adjusting the 
volume of air handled by the bellows. The material which 
passed under the feed pan and on to the smaller divisions of 
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the air chest consisted almost entirely of black sand and gold. 
Here, due to the increased air velocity, part of the black sand 
was lifted from the belt and deposited farther down the slope thus 
further concentrating the gold. 

The feed regulation, the speed of the belt, and the number of 
strokes per minute made by the bellows were all linked together 
and the whole contrivance was operated by hand as can be seen 
in Fig. 5. There was, however, an arrangement for independ- 
ently varying the speed of the bellows. 

The pneumatic dry-placer jig was unquestionably a success. 
From the miner’s standpoint it had many advantages: It was 
portable, it could be operated by hand, and it could treat from 
10 to 12 tons of —1/s-in. placer dirt per hour with a resulting 
concentrate considerably richer than that produced by any previ- 
ous dry method. 


Tue WILFLEY TABLE 


So far both the pneumatic jig and the electrostatic machine 
had been used on single-value free-milling ores, and no attempt 
had been made to concentrate ores of more than one value. 
In the latter part of 19 2a sample of lead, iron, and zine ore was 
presented to Sutton, Steele and Steele for treatment. Since the 
jig produced no middling, it was proposed to run the ore over the 
jig several times, removing one element at a time. The attempt 
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was not very successful, and it was also discovered that the 
jig was not adequate for small sizes. 

About this time H. M. Sutton and E. G. Steele had occasion 
to visit a western mine-supply house where they saw a Wilfley 
concentrator in operation. Since the action of this concentra- 
tor presented new possibilities to Messrs. Sutton and Steele for the 
improvement of their pneumatic machine, the operation of 
the Wilfley table will be described briefly. 

This concentrator, shown diagrammatically in Fig. 6, was de- 
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veloped by Arthur R. Wilfley in 1896. It consists of a flat table 
A on which are nailed rifles B terminating on a diagonal line. 
The riffles are about 1/, in. high at the back of the table and 
taper off to a feather edge at the front. The table has built 
into it a longitudinal slope of about 1/3. in. per ft, making the 
front end slightly higher than the back. The transverse slope is 
adjustable, but the discharge edge C is always slightly lower 
than the feed edge. This double-slope table is reciprocated by 
means of a special head motion enclosed in the housing D and 
rests on ways so that the motion is parallel with the ground. The 
machine seems to work best at a speed of about 240 oscillations 
per min and with a %/, in. stroke. 

Pulp and wash water are fed to the table through the feedbox F 
and the particles thus floated onto the table are agitated by its 
motion and soon stratified with the heavy elements on the bot- 
tom and the light elements on top. The heavy particles are 
caught behind the riffles and are carried by the motion of the 
table to the front discharge end. The light particles held in sus- 
pension by the water are assisted in their motion toward the 
lower discharge end C by means of surface water fed over the 
table from a trough #. Views of the discharge side and rear 
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or feed side of the Wilfley concentrator are shown in Fig. 7. 


Tue First Pneumatic TABLE 


The Sutton-Steele pneumatic jig would not produce a middling 
product and was not capable of treating ores of more than one 
value. The Wilfley machine, however, was capable of accom- 
plishing both. This soon decided Sutton, Steele and Steele to 
abandon the belt-type pneumatic jig and experiment with a 
reciprocating deck using air instead of water as the floating 
medium. The first air table, shown in Fig. 8, was built in 1903 
and consisted of a 30 X 40-in. rectangular deck covered with 
cloth tacked to ribs spaced about 1 in. apart as shown in Fig. 9. 

Over the cloth, directly above the ribs, wooden riffles were 
nailed about !/, in. high at the back rail B and tapering down to 
zero at the ends. The riffles terminated along a diagonal line 
as did the riffles of the Wilfley table. It was decided to oscillate 
the table by means of an eccentric through a bell crank and 
connecting rod as shown in Fig. 10. The motion so produced 
was practically simple harmonic. If the table were actuated in a 
horizontal plane, there would be no tendency for the heavy 
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particles to be conveyed along the table. For this reason 
inclined springs were used to support the reciprocating deck. 
The four corners of the frame were supported on jack screws by 
_which the table was given a double slope. That is, the dis- 
) charge side C shown in Fig. 9, was lower than the side rail Z, 
and the front discharge D was higher than the back rail B. 
At first a set of bellows was placed under the deck and an at- 
tempt made to synchronize the small blasts of air with the re- 
_ciprocating mechanism. When this proved unsuccessful, a 
‘ Roots blower was substituted as a means of pumping air to the 
air chest, as indicated in Fig. 10. The length of table travel was 
arbitrarily set at !/,in. and the speed at about 420 table oscilla- 
tions per min. 
Ore was then fed at the upper right-hand corner F, Fig. 9, 
_ from a vibrating feeder. The jack screws were adjusted so 
. that the mineral was discharged along the two open sides of the 
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) rectangle C and D. The result was remarkable indeed, for the 
particles of different densities “zoned out” very clearly. Four 
different products can be seen as indicated by the zones on the 
deck shown in Fig. 8. 


First CoMMERCIAL INSTALLATION 


The first commercial machines had 5 X 12-ft decks with the 
same strokes, speed, and head motion as the experimental 
machine but it was found necessary to improve the method of 
supporting the reciprocating parts. The inclined springs shown 
in Fig. 10 were in reality fixed end beams subjected also to 
column action, and the repeated load caused them to fail at the 
points of support. ~ Accordingly, the springs were released at the 
lower end and constructed as a knife-edge resting in a V-block 
as shown in Fig. 11. Also a centrifugal fan supplanted the Roots 
blower. 

In the fall of 1904 a two-table mill was installed for the Re- 
public Milling Company at Sierra Blanca, Texas, to work on 
lead, iron, and zine. 
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ENauisH INSTALLATION 


In 1905 and 1906 two 5 X 12-ft tables were sold to an 
English milling company also working lead, iron, and zine. 
With the exception of the head motion, these machines were the 
same as the ones sold to the Republic Milling Company. For 
some reason, probably to increase capacity, it was decided to 
increase the conveying effect by using a quick-return motion 
together with an adjustable stroke as a means of reciprocating 
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the table. Therefore, a mechanism consisting of a crank and 
slotted lever shown in Figs. 12 and 13 was substituted for the 
connecting rod and bell crank shown in Fig. 10. As the crank 
C, shown in 13, rotated counterclockwise from A to B, the 
table would be moved forward, and as the crank moved from B 
to A the table would be returned. The average velocity of the 
return stroke was approximately 2 per cent higher than the 
forward stroke. The length of the stroke could be increased by 
moving the slider D away from the fulerum F and could be de- 
creased by moving it toward the fulcrum. 

Another adjustment not already mentioned, but one for which 
the inventors saw a need from the very beginning, was a means 
of changing the number of strokes per minute made by the 
table. Various methods from cone pulleys to the Reeves trans- 
mission were used in some form or other on all machines in- 
cluding the experimental model. 


BLANK Decks AND AIR-CONTROLLING STRIPS 


While Mr. Sutton was in England installing two 5 X 12-ft 
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tables, there was an interesting occurrence which eventually 
brought about a great improvement in deck design. The 
system of “advancing riffles’”’ was protected rather broadly in the 
Wilfley patents; and as Sutton, Steele and Steele were using 
“advancing rifles,’ the manufacturers of the Wilfley concentra- 
tor suggested that the riffes might be an infringement. Subse- 
quent investigations revealed that the way in which Sutton, 
Steele and Steele used the rifles was not an infringement on the 
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Wilfley patent; but nevertheless, in order to avoid any trouble, 
it was decided upon Mr. Sutton’s return to the United States, to 
remove the rifles from the decks. As a substitute device, strips 
of heavy paper were placed between the ribs and the cloth cover 
as shown in Fig. 14. These were wider than the ribs at the back 
rail of the deck and tapered to the width of the ribs at the point 
where the riffles had previously terminated. This produced a 
series of longitudinal bands along the deck through which air did 
not pass. The result was that the heavy particles of a mass being 
fed to the deck would become trapped in the dead valleys pro- 


duced by the ribs and the air-controlling strips and form riffles 
of themselves. These heavy grains would be carried by the 
conveying action of the table to the upper or discharge end, 
and the same sort of separating effect took place as when riffles 
were used. 

For the next few years, then, all Sutton, Steele and Steele 
gravity separators were equipped with blank decks and _air- 
controlling strips. Two views of the 5 X 12-ft blank-deck ma- 
chine are shown in Fig. 15. 


GRAIN AND SEED CLEANERS 


In the latter part of 1908, E. M. Christian saw the possibilities 
of the gravity separator as a seed cleaner and organized the 
Cereal Grading Company of Minneapolis, Minn. It was found 
that 5 X 12-ft separators with blank decks cleaned wheat suc- 
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cessfully at the rate of 100 bu per hr. Separations were en- 
tirely satisfactory until attempts were made to run wheat blends, 
when it was discovered that small grains of good wheat reported 
with large grains of poor wheat. Since the small dense grains 
of good wheat had about the same weight as the large less dense 
grains of poor wheat, they were equally buoyant in the cushion 
of air and of course were not separated. The solution to the 
problem was found in making the air-controlling strips out of a 
porous material (not as porous as the deck covering, however) 
and putting riffes back on the table. The effect then was a 
series of dead spaces, produced by the rifles, beside which were 
diminishing areas through which air was permitted to pass 
rather sluggishly due to the restriction of the porous strips. 


— 
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These semidead spaces served to trap the small dense grains 
along with the large ones behind the riffles, as shown in Fig. 16, 
and thus bring out at the same place on the table both small 
_and large good stock. The combination of riffles and air-retard- 


/ing strips made it possible to clean stock with a wider range of . 


size. This was a distinct improvement in the machine. 


SKIMMING Bars 


About a year after the opening of the Cereal Grading Com- 
‘pany, the table operators were troubled with wheat chaff which 
floated a few inches above the surface over the entire deck; and if 
the volume of air to the deck were reduced so as to clean the 
chaff without completely blowing it from the table, no other 
separation would take place. Mr. Sutton was called in for 
his advice; and there in the field, almost without stopping the 
separator, he devised a very simple but effective attachment 
which later became known as the “skimming bar.” 
_ The “skimming bar,” shown in Fig. 17, consisted of a wooden 
strip A about 2 in. wide extending the entire width of the deck. 


To this at right angles was fastened another bar O which ex- 
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tended below A about 1/, in. down into the bed of grain on the 
table. Air from the table was deflected under the bar and back 
to the rear of the table, carrying the floating chaff with it. It 
was found necessary to fill in the hypotenuse of the wooden tri- 
angle in order to prevent chaff from collecting on the top of bar A. 
By this device practically all the floating chaff was held back and 
discharged from the deck along with other worthless stock. 


Tue BankinG TABLE 


So far material fed to the rectangular table has been per- 
mitted to “zone out’’ freely across the deck, as seen in Fig. 8, 
leaving the upper corner completely bare of stock. As the 
seed and grain trade developed, the demand for conservation of 
table space and increased capacity grew, which led to a study 
of a means of clearing the table quickly after a separation was 
made. It was well known by this time that the greater the 
difference between the specific gravity of the particles being 
separated the more rapid the separation. Also it was known 
that the dense particles would collect against a bank or obstruc- 
tion placed at right angles to the line of flow. In the very first 
table, shown in Fig. 8, a bank was placed at the feed, but at that 
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time it was used simply for the purpose of confining the feed 
and preventing it from racing directly across the deck. The 
front view of the separator in Fig. 15 shows banking blocks at 
the feed of a 5 X 12-ft table. By observing the effect of these 
banks on simple two-part separations (that is, heavy particles 
from light particles with no intermediate weights), it was found 


‘that a well-defined separation took place immediately at the 


feed within the area formed by the side rails and the first bank. 
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(Particles are shown on the deck only where the separation is well defined. 
Actually the decks are completely loaded with material.) 
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(Particles are shown on the deck only where the separation is well defined. 
Actually the decks are completely loaded with material.) 


For experimental purposes, therefore, perpendicular banks were 
placed all the way down the rectangular table in a manner shown 
in Fig. 18. The action of the bank is shown in section A-A. The 
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dense material forced against the block by the conveying action 
of the table would pile up on the bank, and the light stock auto- 
matically would be crowded back. These obstructions en- 
hanced a simple two-part separation, concentrating the heavy 
elements along the banks as shown in Fig. 18, but interfered 
with a three- or four-part separation so that it was still necessary 
to build a table free of a long line of banks. Since the banking 
blocks rendered the upper corner of the table entirely useless, 
the next step was obviously the removal of the upper corner thus 
making a trapezoidal deck as shown in Fig. 19. This deck, 
measuring 60 X 54 in., became known as the banking table, 
and the 5 X 12-ft deck became known as the zoning table. 
Along the diagonal banking side of the 60 X 54-in. deck, ad- 
justable gates were provided through which the heavy material 
could be cut. 


Tue Myzrs-Typp Deck 
The 5 X 12-ft zoning table and the 60 X 54-in. banking 
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riffle could be lowered, thus widening and thinning the band of 
heavy material along the banking gates D. In this way it was 
much easier to cut out the heavy material. Conversely, if the 
stock contained more heavy material than light material, the 
tailings riffle could be raised. 

A few changes were made in the undercarriage of the Myers- 
type machines, such as including in it the fan, speed change, 
and reciprocating mechanism. Also the crank-and-slotted-lever 
head motion shown in Fig. 13 was abandoned in favor of a pair of 
eccentrics. 


Coa TaBLEs! 


Again in control of their organization in 1919, Sutton, Steele 
and Steele designed tables to clean coal. At first the 60 xX 
54-in. banking table was used with a perforated metal covering 
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table prevailed with no change in design until about 1916. At 
that time the business was controlled by W. S. Myers who was 
chiefly interested in producing separators for seed, beans, and 
peas; and at his suggestion the design of the banking table was 
carried to a still greater extreme. The shape of his deck is 
shown in Fig. 20. The deck slope adjustments were the same 
as in previous designs, that is, the feed corner A was higher 
than the corner B and the surface slope increased in the direc- 
tion of the line of thrust from A to EZ. With a deck of this 
shape, the products could be removed almost immediately 
after a separation was effected. Light stock would report along 
the tailings riffle C, and heavy stock could be cut from any of the 
gates along the line D. The height of the tailings riffle C was 
wisely made adjustable. When the stock being cleaned con- 
tained more light particles than heavy particles, the tailings 


and metal rifles. These machines were capable of working only 
about 6 to 8 tons of !/:-in. coal particles per hr, this low capacity 
being due partly to the shape of the table and partly to a very 
limited air supply. A study of the coal separation on the 60 
xX 54 in. table showed that little additional separation took place 
as the light stock progressed down the slope from X to Y, shown 
in Fig. 19. Therefore, it was decided to cut a triangular section 
from the lower corner of the deck making the odd shaped 60 X 
84-in. table shown diagrammatically in Fig. 21. A complete coal 
separator (opposite hand of Fig. 21) is shown in Fig. 22. Al- 
though the adjustable tailings rifle shown in Fig. 21 served the 


4“The Sutton, Steele and Steele Process for Cleaning Dry Coal 
With Some Remarks on Pneumatic Separators,’’ by Kenelm C. 
Appleyard, Transactions of the Institute of Mining Engineers, vol. 
73, 1926-1927, pp. 404-440. 
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same purpose as the tailings riffie on the Myers machine, its 
name was really a misnomer, for it was not on the tailings end 
of the deck. In the case of a coal separation, the light element 
(coal) is the valuable one and the heavy material (slate) is the 
refuse. This, of course, was the reverse of any previous sepa- 
rating problem, and it was over the so-called tailings riffle that 
good coal was discharged from the deck. Skimming bars were 
placed along the banking rails to blow any slack coal out of 
the slate into the middlings, thus producing a coal-free slate. 
These coal tables could handle 11/:- to 2-in. coal at a rate of 
about 15 to 20 tons per hr. 

The American Coal Cleaning Corporation was organized in 
1922 for the purpose of promoting the sale of Sutton, Steele and 
Steele coal separators; and it soon took over the manufacture of 
all coal-cleaning machinery, developing it independent of Sutton, 
Steele and Steele, Inc. Just before the coal business was turned 
over to the American Coal Cleaning Corporation, however, 


_ Sutton, Steele and Steele, Inc., produced the very efficient, 


high-capacity table shown in Fig. 23. This has become known as 
the Y-type deck. The Y-type deck was of high capacity be- 
cause it was in reality two decks, with tapered discharge sides, 
placed back to back. It was more efficient because of the 
extra cleaning surface, produced by the arms at the end of the 
deck, which in a sense amounted to rerunning the middling 
product. The only objectionable feature was that the side 
slopes were not adjustable since they were built into the deck. 


Fic. 24 Mopern Duptex Dsck ror CLEANING BEANS AND PEAS 


In the view of the Y-type deck loaded with coal in Fig. 23, the 
light material along the center of the deck and along the inside 
rails of the arms of the Y is slate; the rest is coal. 


Tur DupLex AREA AND Rock CHANNEL 


Demands of the seed houses for cleaner beans and peas with- 
out the necessity of rerunning the middlings led to the develop- 
ment in 1928 of a deck with a secondary cleaning area. Light 
stock discharging over the first diagonal tailings riffle, shown as A 
in Fig. 24, has a second opportunity to be cleaned on the smaller 
area B, which is at a lower elevation than the main surface. This 
secondary surface, termed ‘‘duplex area,” is also bounded by an 
adjustable tailings riffle C, the proper regulation of which brings 
good heavy stock off the deck at D where the two diagonal riffles 
seem to join. The stock which spills over the second tailings 
riffle is practically worthless. 

Close to the diagonal banking rail is a trough Z, known as a rock 
channel. Small rocks, a common contamination in beans, 
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will by virtue of their excess weight be brought against the 
banking rail along with good beans. The rocks sinking to the 
bottom of the channel are permitted to pass under the vertical 
slide gate G, which may be adjusted so as to hold back some of 
the good beans floating on top of the rocks. All the rocks in 
the original stock fed to the table at F will report to the rock 
channel, but it is impossible to adjust the gate G so that nothing 
but rocks pass under it. A mixture of rocks and beans is there- 
fore discharged from G. 

The Rock Pocket. In order to make a final and complete 
separation of rocks from beans an attachment termed a “rock 
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Fie. 25 Rocx-Pockrr ATTACHMENT FOR THE DupLex Diack 


Fic. 26 Rock Pocket ATracHED To A GRAVITY SEPARATOR 


pocket”’ was developed in 1929. Two sections of it are shown in 
Fig. 25, and it is shown in place on a machine in Fig. 26. As can 
be seen in Fig. 26 the pocket receives air at the bottom from the 
main fan and has the same reciprocating motion as the table. 
It has a porous bottom, as seen in Fig. 25, similar to the sepa- 
rator deck, but the surface is smooth with no riffles, and the 
proper end slope is built into it. Air vanes serve to distribute 
the air properly underneath the porous surface, and the amount 
of air to the pocket can be adjusted to render the material being 
separated more or less fluid. The rock particles then settle to 
the bottom and are conveyed up the slope to a gate which can be 
lowered so that only rocks pass beneath it. Opposite the feed C 
is the bean-discharge chute A, which can be raised so that nothing 
but beans can spill over it. When properly adjusted, it is pos- 
sible to feed to the pocket at C, Fig. 25, stock being discharged 
from the gate G, shown in Fig. 24 and secure a product free of 
rocks shown at A in Fig. 25, while bean-free rocks are discharged 
at B. 


About this time blowing bars took the place of the old skim- 
ming bars as a means of holding back chaff and extremely light 
The skimming bar, shown in Fig. 17, simply 
deflected the air from the table and used it as a means of blowing 
back the chaff; but as new applications for the table developed, 
it became apparent that a more positive means of confining the 
was necessary. A diagram of the blowing bar as it is to- 
day is shown in Fig. 27 and a modern peanut-cleaning deck with 


floating material. 


chaff 
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Fig. 27. DiaGram or 4 MoperRN BiowinG Bar 


Fic. 28. Moprrn Peanvr Deck Eaurerep With Biowine Bars 


Fig. 29. Lerr: Frrp Sipe or Typen-L Serarator. Ricut: Dis- 


CHARGE SIDE OF TypE-L SEPARATOR 


bars in place is shown in Fig. 28. Referring to Fig. 27, air is sup- 


plied 


to the bar from the air chest and enters through the elbow 


in which is placed a butterfly valve to control the volume. An 
adjustable baffle serves to direct the air so that it will be dis- 
charged from the slot outlet with a maximum velocity at A and a 
minimum at B or vice versa as the operator desires. Usually 
the separation is such that a maximum velocity is required near 
the feed A and a minimum at B where the products leave the 


table. 
the d 
neath 
top. 


A skimming lip (the original design) utilizing the air from 
eck assists in preventing light material from passing be- 
the bar, while a metal guard prevents its blowing over the 


Mop)ern Arr-FLoat SEPARATORS 


A machine for laboratory purposes and small commercial 
installations is shown in Fig. 29 and a cross section of it in Fig. 30. 
Referring to Fig. 30, air is delivered from the fan F to the air chest 
A where it is diffused by two sets of baffles. The lower set B 
absorbs the impact from the fan and the upper set C, directly 
underneath the deck surface, governs the supply of air to various 


Fic. 30 DraGram or Typr-L Separator 


Fig. 31 Moprn-HD Separator Wita Mippiines Return 


Fig. 32) STANDARD FuLLsr’s-EartH SEPARATOR 


PROCESS INDUSTRIES 


parts of the porous deck. The baffles are usually adjusted to 
admit the most air where the bed of material on the deck is the 
heaviest. The volume of air delivered by the fan is controlled 


by a gate in the fan suction which can be seen on the feed side 
) of the separator shown in Fig. 29. 


Referring again to Fig. 30, two inclined plates D about 1/4 in. 
thick and 4 in. wide rest in seats H of 11/:-in. angles. The deck 
is permitted to rock freely back and forth on these supports and 


is held in equilibrium by the helical springs G without the assist- 
‘ance of the connecting rods H. 


In this way the eccentrics J 
and connecting rods H are called upon to carry only the load 
produced by oscillating the chest and deck. The deck motion 
is practically simple harmonic and in a plane perpendicular to the 
inclined supports. Although the eccentric shaft is driven by a 


Fic, 33. INSTALLATION OF CLAY SEPARATOR IN THE PLANT OF THE 
Gur Rerininc Company, Port ARTHUR, TEXAS 


variable-speed belt, shown on the discharge side of the separator 
in Fig. 29, thus making the machine more flexible, it is not ab- 
solutely necessary if the separator is to work but one fixed 
material. In this instance the eccentric-shaft speed can be set 
at the factory to fit the commodity being cleaned. The hand- 
wheel K, shown in Fig. 30, adjusts the end slope of the deck and 
the handwheel L adjusts the side slope. 

Fig. 31 shows a model-HD machine for cleaning beans and peas. 
This separator is equipped with a screw conveyor and bucket 
elevator to automatically return the middling product to the 
table for recleaning. Uncleaned stock is placed in the hopper 
where it is carried by the elevator to the feed corner of the deck. 
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Fic. 34. Deck or THE SEPARATOR SHOWN IN Fia. 33 


Worthless stock is discharged from the two spouts at the left and 
good stock from the spouts at the right. A mixture of good and 
bad material is discharged from the center spout through the 
canvas boot into the return conveyor. At the end of the helicoid 
the middlings are mixed with fresh feed and elevated to the deck 
for retreatment. 

A fuller’s-earth separator is shown in Fig. 32. Because of the 
dusty nature of the product a suction hood is placed over the 
feed end of the table and the dust arrested by a common type of 
cyclone collector. An installation of this type machine in the 
plant of the Gulf Refining Company at Port Arthur, Texas, is 
shown in Figs. 33 and 34. 

The air-float separator with its special decks and attachments 
is far removed from the original pneumatic jig. Many applica- 
tions have been found which were entirely undreamed of at the 
time of the first commercial installation. The laboratory con- 
ducted by Sutton, Steele and Steele, Inc., is constantly opening 
new fields and developing new apparatus which will further 
widen the scope of dry separating equipment. 
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Equipment and Problems in Handling Oil 


as a Locomotive Fuel 


By GUY M. BEAN,! LOS ANGELES, CALIF. 


The author discusses the principles of designing equip- 
ment for burning oil in locomotive fireboxes. He reviews 
methods used in handling and storing oil in service sta- 
tions as well as methods used in handling and firing the 
oil on the locomotive. In connection with the latter the 
author discusses the use of equipment for, and the prob- 
lems involved in, (@) fuel-oil heating, (0) atomization, 
(c) firepan and furnace arrangements, and (d) oil piping 
and regulation of oil flow to the burners. 


HE USE of oil as fuel for locomotives dates back about fifty 
{ae to applications which first were made successfully 
on the Grazi Tsaritzan Railway of Russia where some 140 
locomotives were operating with this fuel in 1886. Shortly 


. thereafter experiments on American railroads indicated its ad- 


vantages, especially where coal was not available at reasonable 
cost. Subsequent developments have proved that nature pro- 
vided bountiful quantities of oil in areas where coal was either 
absent or of such quality as to be largely unsuitable as a loco- 
motive fuel. 

In California first, and later in Texas and Oklahoma, oil has 
been produced in vast quantities and by 1898 its use in locomotive 
and other types of furnaces had progressed so extensively that it 
became an important factor in the generation of power of all 
kinds. Today there are over 7000 locomotives in all classes of 
service using this fuel in the United States. These locomotives 
are distributed over about fifty railroads in both industrial and 
transportation service. However, 70 per cent of this number can 
be accounted for on ten of the larger western and southwestern 
railroads. 

The railroads operating through the large oil-producing areas 
have adhered rather consistently to this type of fuel. However, 
where coal is also available there have been periods of change-over 
from one fuel to the other in attempts to control costs, or because 
of the necessity for transfer of power from one area to another as 
requirements dictated. The necessity for these changes, to- 
gether with the fact that a very high percentage of the total 
locomotive power of the country burns coal, has not led to any 
radical development in locomotive-equipment design whereby it 
would be particularly suited to the use of oil as fuel. Therefore, 
the art of using fuel oil in locomotives has been largely one of 


1 Sales Engineer, American Arch Company, Inc. Mr. Bean served 
a machinist apprenticeship on the Northern Pacific Railway and 
afterward attended the University of Minnesota for two years and 
Iowa State College for two years, studying mechanical engineering. 
He later served as machinist, roundhouse foreman, division foreman, 
and general roundhouse foreman on the Atchison, Topeka & Santa 
Fé Railway. In 1909 he was employed by the Locomotive Appliance 
Company as service engineer. Since 1910 he has served as service 
engineer and sales engineer of the American Arch Company. 

Contributed by the Railroad Division and presented at the Semi- 
Annual Meeting of THe AmMprican Society oF MrcHanicaL ENGI- 
NEERS, held at Dallas, Texas, June 15 to 20, 1936. 

Discussion of the paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until October 10, 1936, for publication at a later date. Dis- 
cussion received after this date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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adaptation rather than basic in design, and the progress has been 
that of evolutionary development rather than the result of 
efficiency studies. When compared with oil-burning equipment 
in other power fields, the limitations which have controlled much 
of the design of oil-burning equipment for locomotives have left 
considerable to be desired in overall efficiency of the locomotive 
using this fuel, and yet comparison with locomotives burning coal 
indicates very favorable performance. These considerations 
have led to the general adoption of arrangements and equipment 
predicated on simplicity of application, ease of operation, and 
comparative freedom from maintenance difficulties. 

Until relatively recent years, fuel complications did not offer 
serious problems. At the inception of the use of oil as fuel, large 
quantities of crude oil were available primarily because the indus- 
try had not developed by-products or a market for them, which 
materially affected the supply. However, it was not many 
years until improved distillation methods produced products of 
such commercial value that they absorbed the crude supply and 
the fuel market was forced to accept certain types of residuums. 
The continued development of refining processes has resulted in 
forcing many railroads to use residuums of sufficiently high vis- 
cosities to bring about problems not met with in the handling of 
less viscous fuels. Although, in many cases, present locomotive 
equipment can be operated more or less satisfactorily it is not 
adequate to function efficiently under all conditions, particularly 
in heavy main-line service. 

Parallel with these fuel changes, locomotive capacities have 
increased constantly, with the result that excessively high firing 
rates are frequently encountered. It is not unusual to find rates 
of 10 gpm of oil burned for sustained periods, and rates of 12 to 
14 gpm for lesser periods. During these operating conditions the 
capacities of heaters are frequently inadequate, the burners 
cannot function efficiently, and various troubles ensue. Carbon 
deposits accumulate on the brickwork and evidence of improper 
combustion appears in the form of black smoke and poor steam- 
ing. 

In general, locomotive fuel-handling equipment and furnace 
arrangements are similar on all railroads, the variations being 
controlled largely by the limitations imposed by the particular 
type of locomotive and by the individual opinions of those in 
charge. A typical general layout is shown in Fig. 1, variations 
from this design consisting largely of type of heater used in the 
tank, style of firepan construction, draft-admission arrangement, 
and type of burner used. 

Inasmuch as final results in the use of this fuel are interde- 
pendent upon three principal design features, consideration will 
be given to them in the following order: (1) Fuel-oil heating and 
its equipment, (2) atomization and burner design, and (3) fire- 
pan and furnace arrangements. 


Fuert-Oim Heating AND Its EQuiIPpMENT 


Heating of fuel oil is separated properly into two distinct 
phases. The first phase is preliminary heating by station equip- 
ment for delivery to the locomotive reservoir at temperatures 
required by loading rates and other governing factors. The 
second phase is secondary heating by the locomotive equipment 
to temperatures which provide proper burning viscosities. 
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At the outset it can be stated that where the heavier or more 
viscous oils are used, the indirect heater is essential because 
efficient burning temperatures cannot be obtained with the wet- 
oil emulsions which result from the admixture of condensate in 
direct steam-jet heating. The only primary advantages in the 
use of direct heating are simplicity of design and installation and 
the resultant agitation obtained by the jet action on the oil body. 
These are greatly outbalanced by hidden losses in final efficiency. 
Experience, in both laboratory and practice, is sufficient to sup- 
port this contention. The very fact that specifications for fuel 
oils by all railroads set definite low water-content limits should 
point to the undesirability of spoiling these oils by water admix- 
ture in the locomotive tank. 

Further to illustrate this contention in regard to the difficulty 
in efficiently heating wet oils we shall select a typical fuel oil of 


Whe 
Temperature, deg F 


Fic. 2 BurNING TEMPERATURES OF O1Ls oF VARIOUS VISCOSITIES 


medium viscosity, an oil of 130 Ssf (Saybolt furol viscosity) 
at 122 F. By referring to Fig. 2, which is a logarithmic graph 
showing the viscosity-temperature characteristics of various fuel 
oils, it will be noted that where the line at 40 Ssf crosses the 
diagonal lines of oils of various viscosities the proper burning 
temperatures for these respective oils are indicated. Fig. 2 was 
drawn from data obtained from some 3500 tests. From it we 
find that the proper burning temperature for the selected oil is 
159 F for a dry oil. It will also be noted by referring to Fig. 3, 
which shows the effect of water emulsion on oil viscosity, that an 
addition of but 4 per cent water will increase the viscosity of the 
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selected oil to 144 Ssf at 122 F with the resultant requirement 
of a burning temperature of 163 F. The viscosity of fuel oil 
rises rapidly as the percentage of water emulsion increases. 

Aside from the increased viscosity due to water emulsion and 
the consequent increase in temperature required for proper 
burning viscosities, the presence of water adds to the difficulties 
of control of heating because the water in suspension in the oil 
vaporizes at temperatures lower than the normal boiling point of 
water inthe open. This vapor or steam causes a foamy condition 
to result at temperatures within a very close range of the 
proper burning temperature. This makes for difficult control, and 
engine crews, knowing that such disturbances occur, operate the 
equipment in a way which results in the maintenance of tempera- 
tures well below those which give the best efficiency. Crews 
refer to this steaming or vaporization as overheating, while in 
reality the oil could have been heated to a much higher tempera- 
ture without causing this disturbance if it were not for the 
presence of water emulsion. 

The presence of 5 or 6 per cent water may lower the upper limit 
of firing temperature as much as 30 F and in extreme cases 
produce foaming at temperatures much below that required for 
good atomization. Dry oil would have a much higher range of 
heating over that of the efficient burning viscosity without danger 
of vaporization. In oils of higher viscosity this trouble is aggra- 
vated because of the increased temperatures required and the 
absence of means for determining these temperatures accurately 
by the locomotive crews. 

It is likely that there are but few connected with the use of fuel 
oil on locomotives who have a true understanding of the truth of 
the statement that water in oil vaporizes at temperatures below 
normal boiling point. This, however, is a fact and the principle 
is used in refinery practice where it is known as “steam distilla- 
tion.” A brief analysis of this principle may be of interest. 

In a mixture of gases, according to Dalton’s law, each gas 
exerts a pressure equal to the pressure it would exert if it occupied 
the entire volume by itself and the total pressure of a mixture is 
equal to the sum of the partial pressures of the component gases. 
The pressure exerted by each component is called the partial 
pressure of the component and is dependent on the total pressure 
and the volume or number of molecules of that component in the 
gas. 

In the gas phase, if 7 is the total pressure and y is the volume or 
molecular fraction of an individual component in the mixture, the 
law of partial pressures may be expressed by the equation 


p = partial pressure in vapor = wy, or (p/m) = y 


Just as each component of a vapor exerts a partial pressure, 
each component of a liquid exerts a partial vapor pressure. This 
is dependent upon the concentration of the component in the 
liquid and the vapor pressure of the pure component. The 
escaping tendency of a component seems to depend upon the 
surface area (molecular fraction) covered by the component and 
the molecular energy (vapor pressure) of the pure component. 
If P is the vapor pressure of the pure component at a given 
temperature and z is the molecular fraction of this component in 
the liquid, then 


p = partial vapor pressure in liquid = Px 
Expressed as a fraction of the total pressure 
“ F Pp 


-=—gZ 
Tv ALS 


At equilibrium the partial pressure of a component in the gas 
is equal to the partial vapor pressure of the component in the 


liquid and inasmuch as p/z equals y, the molecular fraction of 
the gas, according to Raoult’s law, is 
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In petroleum distillation, steam is used in accordance with the 
foregoing to reduce partial pressures in the vapor, and the fact 
that steam vaporizes at lower pressures than normal boiling 
should definitely indicate its disadvantage as a direct heating 
medium for fuel oils. 
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Fie. 3 Errect or EMULSIFIED WATER ON THE VISCOSITY OF FUEL 
Oi 


(This chart is based on a laboratory study of a California residuum and 
railroad fuel which has a viscosity between 115 and 130 Ssf at 122 F. 
Emulsification was produced solely by blowing live steam into the oil.) 


In Fig. 1 is shown a typical indirect heater that is in common 
use on several railroads. This device has proved generally 
satisfactory with oils of the lower viscosity ranges but with the 
advent of the more viscous fuels it is usually found to lack ca- 
pacity. Increased firing rates have also indicated its lack of 
capacity to properly heat oils in the medium-viscosity classes, 
especially where weather conditions are severe and low tempera- 
tures maintain. It also has the disadvatage of being difficult to 
clean where sludge accumulates on its surfaces, which results 
from the use of some grades of fuel oils. As usually applied, it 
tends to heat the entire contents of the tank higher than would 
be necessary if separate-compartment heating were provided. 
A few attempts at separate-compartment heating have been tried 
with sufficient success to warrant extension of the practice if the 
present system of attempting to provide burning temperatures 
by submerging the heaters in the locomotive oil reservoir is to be 
continued. The heating of the entire content of the tank to 
temperatures beyond those necessary to create circulation, results 
in considerable loss through radiation and, of course, the hottest 
oil is at all times at the top of the tank. The difficulty of satis- 
factorily insulating locomotive oil tanks has resulted in little 
being done along that line. 

Many tank heaters consist merely of a series of pipe coils 
spread over the bottom of the tank; others consist of pipe bundles 
of various designs, all of which have the faults outlined previ- 
ously, together with that of being somewhat difficult to keep free 
from steam leaks and the resultant troubles. 

Sludge accumulations on heater surfaces and tank bottoms are 
usually due to gravity settlement when the viscosity of the oil is 
sufficiently reduced by heating. These accumulations are gener- 
ally made up of asphaltic residue, free carbon, moisture, and 
inorganic materials. The deposits are not the result of baking, 
since the temperature range in locomotive heating is not suff- 
ciently high to cause this result. The deposits are soft sludges 
and the presence of moisture indicates they are not formed by 
baking. These sludges reduce the heater capacities materially. 
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Freedom from sludge-accumulation problems is partly re- 
sponsible for some of the favoritism shown to the direct steam- 
jet heating system, but its use aggravates other problems such as 
outlined previously and undoubtedly brings about unnoticed 
losses in final fuel efficiencies. 

Many railroads use an auxiliary heater on the locomotive side, 
commonly called a superheater, which merely consists of a steam 
jacket around a portion of the oil line to the burner. This is of 
rather doubtful value in overall results since it is more of an 
emergency device and its general use rather unreliable. Other 
means of properly heating the oil, together with efficiently insu- 
lated oil lines, will give better final results. 

Fig. 4 shows a type of heater of more recent design. It is 
provided with a drum through which pipes are inserted longi- 
tudinally. The oil is so directed that it flows through a casing 
box around the drum, then forward through the tubes, and finally 
to the outlet in the base of the header. Steam fills the drum and 
surrounds the tubes. In this manner the oil for the burner supply 
is heated much higher than that of the surrounding tank volume. 
This arrangement is provided with a vent to the interior top of 
the tank to allow for the escape of steam and oil vapors which 
would otherwise interrupt the flow to the burner. This type 
of heater has distinct advantages over its predecessors but it still 
has the disadvantage of being inaccessible for cleaning, and some 
oils tend to foul up the heating surfaces. 

There are temperatures beyond which fuel oils should not be 
heated, these varying with different types of fuels. Heavy oils 
containing high percentages of combined carbon are subject to 
polymerization at temperatures from 200 F to 300 F. Finely 
divided carbon and sludge may be separated with temperature 
increase, the amount depending on the nature of the oil. The 
tendency is greater with cracked than with straight-run fuels. 

A maximum temperature of 180 F is conservative. The 
amount of deposit to be expected between 180 and 200 F is slight 
and unimportant with present types of locomotive burners which 
all have large-area oil ports. 

Few heaters in common use today have sufficient capacity to 
provide for adequate heating under all of the varying operating 
conditions existing on most railroads. The whole problem is 
one which deserves detailed study toward the end of developing 
a heating system which will meet more adequately the existing 
requirements. 


There is ample evidence from actual road tests to indicate the 
lack of capacity of present heaters and their other inefficiencies 
and troubles. One of the prime faults with all present heating 
systems lies in the absence of provision for indicating tempera- 
tures obtained, whereby the locomotive crews may be guided 
properly instead of having to depend on their individual judgment 
which varies greatly. Distant reading thermometers would aid 
materially, and semiautomatic control may be a possibility. The 
whole subject requires systematic development along the lines of 
capacity, convenience of arrangement, regulation, and final over- 
all efficiency. 

The author believes that the solution lies in the development of 
a heater of the drum-and-header type for the tank, which can be 
so arranged that it can be removed for periodic cleaning without 
the necessity for steaming out the tank. This heater should 
have ample capacity to maintain proper flowing viscosity. A 
mechanically agitated heater should be added as an auxiliary and 
located on the locomotive proper, where convenient temperature- 
indicating and control devices could be provided. With ample 
pipe-line capacity from the tank to the locomotive heater and 
sufficient heating ability provided in the locomotive heater to 
raise the temperature from-that of the tank to the burning tem- 
perature, a fair control of the burning temperature could be main- 
tained at all firing rates. 

Service Stations. Throughout the foregoing discussion atten- 
tion has been called to the necessity for fuel oils to be in condition 
to provide for proper heater handling. It would avail little to 
provide the most efficient heating equipment possible on the 
locomotive unless the fuel is delivered to the locomotive in proper 
condition for correct handling. 

Terminal and line-station service could be discussed almost 
endlessly. However, only the more important features of this 
handling will be dealt with here. 

A survey of most station equipment indicates considerable to 
be desired in the way of properly handling the fuel from refineries 
to the locomotive. This is an important series of operations, 
involving tank cars, unloading facilities, storage and delivery 
equipment. Throughout these operations are the problems of 
proper heating, radiation and leakage losses, and loading rates. 
These problems vary with climatic conditions, volume of fuel 
demand, and type of fuel involved. 

Of prime importance in this setup is the heating factor, since 
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this largely affects the degree of success with which the fuel is 
handled and finally burned on the locomotive. 

Tank cars should be equipped with sufficient areas of heating 
coils to provide reasonable unloading rates without resorting to 
direct steaming. Storage reservoirs should be so designed that 
the fuel will not become contaminated with water through roof 
leakage. They should be located where possible so as to take 
advantage of gravity flow to the pumping unit which handles the 
fuel to the delivery tanks. Pipe lines should be as sbort and 
direct as possible and free from unnecessary bends. Pipe lines 
should be well insulated to prevent radiation losses. 

Delivery tanks should be located as close to oil cranes as con- 
venient, and of sufficient elevation to provide proper loading 
rates. They should be well insulated and properly painted to 
avoid radiation losses. 

Oil-station design and arrangement usually involve individual 
planning to suit the requirements peculiar to a particular loca- 
tion. 

Terminal stations should be equipped to heat adequately the 
oil to temperatures that will provide ample loading rates, these 
being somewhat dependent on the variations between inbound 
and outbound fueling. Inbound loading temperatures should 
be consistently low to avoid radiation losses while in terminal. 
Outbound loading temperatures should be at or near burning 
temperatures, especially where locomotive heaters are inadequate 
to attain quickly these temperatures. 

Line stations should be equipped to fuel at rapid loading rates 
and at temperatures at or near burning temperatures. 

The whole station subject deserves considerable attention ow- 
ing to the importance of avoiding losses through such items as 
improper heating arrangements and faulty insulation of lines and 
tanks. Not infrequently the responsibility for design, super- 
vision, maintenance, and operation of this service falls under 
several separate departments with the result that it fails to re- 
ceive the attention*it deserves. 

It is of utmost importance that fuel-handling stations be so 
designed, equipped, maintained, and operated that the fuel is 
delivered to the locomotive at proper temperatures and in condi- 
tion for efficient handling by the locomotive equipment. 

A general layout for a well-arranged fuel-handling station is 
shown in Fig. 5. 
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ATOMIZATION AND BURNER DESIGN 


There are governing factors in the adaptation of fuel oil to the 
locomotive which seem to preclude the possibility of attaining 
the high efficiencies reached in other types of power-generation 
furnaces. In the locomotive furnace we are somewhat limited 
in the ratio of furnace volume to power output. We do not have 
a high percentage of exposed refractory surface from which heat 
is radiated back to the gases to assist in hastening combustion. 
We are confronted with: relatively large proportionate areas of 
exposed heat-absorbing surfaces, and consequently furnace tem- 
peratures are not high when compared with those of other types 
of boilers. Gas-travel rates in locomotive boilers are very high 
and the time limits for all combustion processes are very brief. 
Frequent and wide-range adjustments of firing rates necessitate 
control which is flexible, and inaccessibility of burner location 
demands a device which is reliable although of relatively low 
efficiency. 

Throughout the history of oil-firing practice on locomotives, 
the steam-jet external-mixing burner has been used almost 
exclusively. Two distinct types of internal-mixing steam-jet 
burners were used for varying periods but finally abandoned. 
Mechanical and pressure types have been experimented with to a 
minor extent but the peculiar complications met with seemed to 
preclude their use. However, the continued changes in fuels 
may bring about the necessity for further experimentation along 
that line, for it is well proved in stationary and marine service 
that the mechanical and pressure types of burners offer efficiencies 
not attainable with the gravity-feed steam-jet type used on 
locomotives. 

Knowing the restrictions imposed by the locomotive furnace 
and the variables incident to its operation, it may be of value to 
analyze rather definitely the mechanics of vaporization of fuel 
oils to the end that we may realize the importance of the device 
which performs this function. 

Following our knowledge of the chemistry and mechanics of 
combustion, the prime requisite for the burning of a liquid fuel is 
the exposure of the fuel to the heat of the furnace in such a form 
that it presents the largest possible surface to the impact of the 
atoms of oxygen. From the principles of capillary action, it is 
possible to establish a standard by which to judge the efficiency 
of the various methods of atomization. 
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Oil in bulk has little exposed surface, but when broken into fine 
spray or drops, the total surface is the aggregate of that of all of 
the drops. The smaller the drops the more perfect the spheres. 
Thus, drops of oil of 0.0001 in. diameter are known to assume a 
spherical form of extreme rigidity. The work of atomization of 
oil is that of stretching the surface. 

Oil with a density of 0.92 has a bulk of 80 cu in. per lb and when 
broken into spherical drops the surface of a pound of oil is (180/d) 
sq in., where d is the diameter of the drops in fraction of an inch. 
The work of stretching the surface of the oil is 0.0000151 ft-lb per 
sq in. From these facts we can compute the work done against 
surface tension in forming spray. This work is 0.00272/d ft-lb 
per lb of oil. Thus for drops 0.0001 in. in diameter the work is 
27.2 ft-lb per lb of oil. There is no known method whereby, even 
in theory, oil can be sprayed to this high degree of efficiency 

The only obvious way of stretching the surface of a liquid 
which, like fuel oil, is incapable of being drawn into a thin film, is 
by opposing force to change the momentum. This necessitates 
imparting velocity, and hence kinetic energy, to each particle. 

The diameter of a gravity drop of oil (a drop which is broken 
off from a larger mass by the force of the weight of the drop itself) 
isabout0.15in. Starting with this we can arrive at an expression 
connecting the diameter of the drop with, for example, the diame- 
ter and the number of revolutions of a circular disk from the pe- 


riphery of which the drops are thrown off by centrifugal force. 
Such an expression is 


n*Dd = 10,570 


where n = rpm; D = diameter of disk, in.; and d = diameter of 
drop, in. The drops are, of course, thrown off with a velocity 
equal to the peripheral velocity of the disk. The kinetic energy 
represented by this velocity for oil, having an assumed density of 
0.92 will be 0.00311D/d ft-lb per lb of oil. 

This kinetic energy added to the energy required to stretch the 
surface of the oil gives (0.00272 + 0.00311D)/d ft-lb per lb of oil 
as the total energy required to spray the oil by this method. 
The kinetic energy required is 1.14D times the energy required to 
overcome the surface tension. To illustrate, suppose the drops 
are 0.0001 in. in diameter and the disk is 8 in. in diameter. The 
work of stretching the surface will then be 27.2 ft-lb and the 
kinetic energy will be 248.8 ft-lb, or a total of 276 ft-lb per lb of 
oil. 

Contrast this with the results obtained with the steam jet. 
When the oil is sprayed by a steam jet, 0.25 lb of steam per lb of 
oil is considered fairly economical. A moderately economical 
steam engine will yield a horsepower for 34.5 lb of steam per hr. 
Thus, 0.25 lb of steam yields 14,350 ft-lb of work. This should 
theoretically be capable of spraying 52 lb of oil to drops 0.0001 
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in. in diameter. The steam jet is therefore only about 2 per cent 
as efficient as theoretically possible. 

In making this comparison it was assumed that the steam Jet 
also produced drops 0.0001 in. in diameter. More likely the 
steam jet produces drops of many varying diameters, their size 
depending on oil-flow rates and the type of jet provided by the 
burner. 

Aside from the direct inefficiency of the steam jet in the process 
of vaporization, there is the added disadvantage that the jet 
steam is expanded into the furnace occupying considerable 
volume of combustion space which is already known to be rela- 
tively restricted. The steam absorbs useful heat which further 
reduces overall efficiency. 

Conclusions drawn from this analysis are, if the present flat 
steam-jet burner or steam-jet burners of any type are to be 
continued in use, it is necessary that more attention be given 
to burner construction to the end that the steam-jet action 
will impart to the oil a maximum available velocity and that 
accuracy of direction will maintain after the junction of the two 
fluids. It is also suggested that a form of hood arrangement 
over the oil port will prevent the draft, at high firing rates, from 
picking up a portion of the oil before it reaches the steam jet. 
This result occurs where there is any considerable separation 
between the oil and steam ports. 

These facts also point to the necessity for more accurate main- 
tenance of the atomizer and oil ports to definite dimensions in 
order to prevent steam waste and allow for uniform flow from the 
oil port. This is a matter that is frequently overlooked regard- 
less of its importance. 

Burners used in locomotives must be decidedly directional in 
principle owing to the relatively narrow flame channel provided, 
and the necessity for exposing the gas stream to the radiation 
from the limited refractory exposure as well as to bring about an 
almost immediate admixture of the gas stream with the indrawn 
air. It is also essential that the jet be prevented from dragging 


the channel floor. All of this calls for care in shaping the jet 
port and in maintaining it to standard dimensions. The lip 
extension provided on several types of burners aids materially in 
preventing the jet from dragging the floor as well as in avoiding 
drooling or slobbering during low or spot fire stages. 

Several types of burners are shown in Figs. 6, 7, 8, and 9. 


FIREPAN AND FuRNACE DESIGN 


The general arrangement of all oil-burning locomotive furnaces 
is the same, consisting of the usual firepan fastened to the lower 
portion of the firebox and mud ring. It provides a longitudinal 
channel through which the oil is sprayed from the front toward 
the rear of the furnace. During the course of travel, the flame 
generated reverses its direction and returns toward the flue sheet 
through the central and side areas of the furnace. 

The firepan serves the purpose of closing the bottom of the 
firebox, supporting the necessary refractory lining and providing 
the necessary openings for air supply. The refractory lining not 
only protects the firepan and certain firebox areas, but it absorbs 
and radiates heat back to the vaporized oil to aid in combustion. 

Firepans are of two general types of construction, namely, the 
built-up sheet-steel type and the cast-steel type. Both construc- 
tions must be sufficiently strong and rigid to prevent jar and 
vibration from being transmitted to the brick lining and to re- 
sist diaphragm action of the plates due to the unbalanced ex- 
terior and interior pressures. 

All firepan and supporting joints should be of airtight con- 
struction to prevent infiltration of air which causes loosened brick- 
work and disturbance in combustion processes. 

The variations in individual pan designs are about as numerous 
as the variations in locomotive classes but they all come under 
three general types. These are (1) the angular-channel type with 
horizontal floor, (2) the radial-channel type with horizontal floor, 
and (3) the angular-channel type with floor sloping parallel with 
the mud ring. These types are shown in Figs. 10, 11, 12, and 13. 
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Referring to Figs. 10 and 11, it will be noted that the horizontal 
floor brings about a condition of changing channel depths from 
front to rear and similar changing of side-shelf widths which makes 
for difficult bricking and requires either a number of special brick 
sizes or considerable waste through cutting and fitting. This 
condition is more pronounced in the angular-channel type than 
in the radial-channel type. 

The angular-channel firepan shown in Fig. 12 provides for 
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uniform channel depth and plate widths and allows for a larger 
range of burner height adjustment. The slope of the floor offers 
no objectionable features as has been proved in service, and there 
are few cases, especially where larger power classes are considered, 


ANGULAR-CHANNEL FIREPAN THE Bottom or WuicH Is 
PARALLEL WITH THE SLOPE OF THE Mup RInG 


(The parallel construction of this firepan results in uniform depth, parallel 
sides and shelves, and allows ample space for burner adjustment. There are 
three points of air admission.) 
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where this design cannot be incorporated. Clearances are ample 
and its makes for simpler construction and maintenance. 

It is important in firepan design to give due consideration to 
its suitability for proper refractory installation, since the main- 
tenance results depend largely thereon. Fig. 13 shows a modifi- 
cation of the type shown in Fig. 12 which allows for more limited 
clearance. The right-angle junction between the channel sides 
and the side shelves permits of a very satisfactory bricking 
arrangement at this point. 

Due to the necessity for securing the benefit of all possible 
furnace volume, firepans should be supported as low as possible 
and brick lines kept low in order to expose all possible firebox 
heating surface. Flame-channel lengths have an important 
bearing on combustion results. Recent experiments have 
shown the advantage of lengthened flame channels in reducing 
carbon formation on the flash wall. Trouble of this sort has 
increased materially with the advent of the heavier fuels. The 
extreme rapidity of combustion processes in the locomotive 
furnace necessitates building up relatively high temperatures in 
the channel lining since the temperature in this zone largely 
affects the hastening of combustion. Channels of extreme widths 
and flat angles do not function efficiently in this respect. The 
location, distribution, and proportioning of draft-admission 
openings on the locomotives on various railroads vary greatly, 
depending largely on local opinion. These variations on the 
different railroads, together with the relative apparent results, 
would seem to indicate that little importance can be placed on 
the arguments to support the contentions for or against any 
particular design. Several arrangements of air admission are 
indicated in Figs. 10, 11, and 12. These vary all the way from 
a two-point admission arrangement to a six-point admission ar- 
rangement. 

Regardless of these variations, the two features of importance 
in draft admission are proportion and distribution. These must 
of necessity be worked out for each class of power and they are 
somewhat a matter of experience and experiment. The usual 
basis for estimating draft-admission areas is to provide total 
areas of 30 per cent of the open-flue area with 5 per cent of the 
open-flue area around the burner. The remainder is distributed 
well over the rear one third of the furnace. Where any larger 


percentage of the total air supply is admitted well toward the 
front of the firepan, there is a tendency during high firing rates 
for a large percentage of the air so admitted to short-circuit and 
pass directly to the flues and add nothing to the support of com- 
bustion. It is also true that where draft openings at the rear of 
the furnace are placed too close to the side sheets, the air tends 
to follow the cooler zone next to the sheets and fails to mix with 
the flame. 

Large openings are detrimental in that they do not produce 
the turbulence accomplished with smaller, better distributed 
openings. Air should be admitted through jet-like openings 
since the velocity of intake is as important as the volume ad- 
mitted. 

Experiments on draft admission continue to bring about de- 
sign changes in regard to distribution, and a recent experience of 
one large railroad using oil-burning locomotives points to the 
need for a greater distribution in the handling of the heavier fuels. 
This has brought out the design shown in Fig. 14, which has proved 
its value in service. With this arrangement the firepan channel 
has been materially lengthened, with the resultant elimination of 
practically all carbon accumulations on brickwork and firebox 
sheets. These changes have been made along with the incorpora- 
tion of a larger-capacity heater so that it is difficult to credit to 
any particular feature its proper share in the improved results. 

Another radical change in draft admission consists of the ad- 
mission of the principal volume of air through tubes covering 
practically the entire area of the pan-channel floor. Claims also 
are made as to beneficial results so obtained. 

Draft-admission regulation has gone through various stages of 
manual, automatic, and semiautomatic control, most of which 
devices have proved unsatisfactory. The failure is largely due 
to the extremely varying demand for air supply during the 
different firing stages, as well as to the judgment of the operators 
which differs greatly. The air supply adjusts itself to a large 
extent with the changes in draft pressures throughout the lower 
and medium firing stages, providing the openings are correctly 
proportioned and distributed to admit correct velocity volumes at 
the higher rates. A recent development in damper control makes 
use of a balanced damper over side-admission openings at the 
rear of the flame channel. These tend to adjust themselves 
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with the varying draft pressures, but the ultimate effect is ques- 


tionable. 
The whole problem of draft admission is open for considerable 
discussion and development. 


Preing AND REGULATION EQUIPMENT 


Piping and regulation equipment follow the same general 
principles on all railroads, the variations being dependent largely 
upon the peculiarities of the locomotive considered. 
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jection to the former lies in the tendency for the oil in the line 
between the valve and burner to surge, but this is largely over- 
come by keeping the valve and line some distance below the 
burner level. Objection to the second location is due to the 
accumulation of lost motion in joint bearings resulting in poor 
control of oil flow. 

In general, oil valves are similar, and are of the plug type with 
various-shaped openings, usually a modified diamond shape or a 
modified triangular shape. These shapes are dictated by the 
need for finer regulation of oil 
flow at the low firing rates. All 
of these valves give little trouble 
from maintenance standpoints. 
A typical firing valve is shown in 
Fig. 15. A comparison of open- 
ings is shown in Fig. 16. 


Rerractory Pan Linines 


In the locomotive oil-burning 
furnace we are not confronted 
with extreme temperature con- 
ditions which affect the refractory 
firepan linings, because maxi- 
mum temperatures are in tbe 
neighborhood of 2600 F. 


We have, on the other hand, 
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(The opening regulation of valve No. 1 is coarse except at spot fire stage. 

The openings of valves Nos. 2 and 3 give graduated regulation during low 

firing rates but are coarse at higher rates. Valve No. 4 gives a fairly gradu- 
ated regulation through all firing ranges.) 


Generally speaking, there are a few specific rules to be followed 
in the design of this equipment. All piping, both steam and oil, 
should be well insulated, properly bracketed, and clamped to 
prevent vibration from loosening the pipe joints. Oil-line piping 
on the locomotive, to and including the burner, should be sup- 
ported either by bracketing wholly to the locomotive frame or 
wholly to the boiler or firepan. Dividing this support causes 
unequal expansion which in turn throws the burner out of align- 
ment. il and steam lines should be as direct as possible. Oil 
lines should be of sufficient size to provide free flow at all firing 
rates. 

The principal regulating equipment in the steam-control 
division consists of an atomizer valve, tank, and engine heater 
valves and oil-line blowout valves. Oil-regulation equipment 
consists of the operator’s regulator lever and quadrant and the 
oil-feed valve. 

There is a difference of opinion as to the proper location for the 
oil-feed valve. In the one case it is located at the rear of the 
firebox and directly connected to the fireman’s control lever. 
In the other it is located close to the burner and connected by a 
series of levers and rods to the fireman’s control lever. The ob- 


several conditions in this service 
which seriously affect the service 
of this material and point to the 
need for a special quality of re- 
fractory. In locomotive service 
we are not only confronted with 
sudden and relatively frequent furnace-temperature changes, but 
we must contend with rapid firing-up rates in terminals, all of 
which create sudden temperature changes in the surface of the 
brick lining. This results in probably the most severe service 
possible and occasions a breaking down of the surface structure 
of the brick and failure popularly called “spalling.” In order 
to resist this tendency, the refractory should be made of a 
good quality fireclay mixture in which the flint or grog particles 
are well graduated from fine to coarse and so bonded that they 
are relatively free from voids. ‘The large flint or grog particles 
should be coarser in size than in commercial furnace refractories. 

We do not have any considerable mass of refractory to contend 
with in the locomotive furnace and for that reason it does not 
have to meet the usual commercial specifications in regard to 
expansion and contraction, load, and sag. It must, however, be 
of a quality to withstand more or less rough handling by work- 
men in making applications and abuse incident to workmen 
trampling over it in the course of making necessary firebox and 
boiler repairs. 

Refractories should be applied with minimum thickness of 
joints and bonded with a suitable fireclay or fire-cement mortar 
that will set within a close range of the maximum furnace tempera- 
ture. Firepans should be cleaned thoroughly of all slag and 
carbon accumulations prior to applying a new setting in order 
that the brick may be laid tight against the firepan and firebox 
sheets. Brick laid carelessly will not only work out of place and 
cause trouble, but where open joints occur the sand used for flue 
cleaning will work under the brick and force it out of place. 

Refractories in the locomotive are subject to considerable 
vibration and jar due to the operation irregularities and for 
that reason, firepans should be well constructed and maintained 
at all times. 

SANDING OF FLUES 


It is universal practice on oil-burning locomotives to inject 


| them as it passes. 


RAILROADS 


sand into the furnace at frequent intervals for the purpose of 
cleaning soot from the flues. It is sifted through an opening in 
the firedoor by means of either a funnel or scoop where it is 
picked up by the draft and drawn through the flues, scouring 


This seems to be rather a crude procedure but no better ar- 
rangement has so far been developed and little can be said con- 
cerning it other than to offer the suggestion that there is a 
decided advantage in using a good clean sand with ability to 


‘\withstand fusion at temperatures below 2700 F. A low-fusion 


: 


‘sand will fuse on the brickwork and gradually build up to con- 


siderable masses which are impossible to remove without seri- 
ously damaging the brick settings. In some cases sands carrying 
materials which melt in passing through the flames will adhere to 
flue beads and superheater units, and as a result cause considera- 
ble annoyance. 
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Firing Practice 


This subject is well covered by various committee reports of 
the International Railway Fuel Association and does not need to 
be commented on in this paper, as these reports are available in 
the proceedings of the Association. 


ConcLuUsIon 


In conclusion, appreciation is expressed for the assistance 
rendered by the various railroad officials in furnishing data and 
drawings used in this paper. 

The subject is one of continued interest to all who have charge 
of the operation and maintenance of oil-burning locomotives, and 
it is felt that there is opportunity for considerable study and 
development in many phases of the art. Such study and develop- 
ment will reveal and overcome problems incident to everyday 
operation, the elimination of which will amply repay the effort. 
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Stress and Deflection of Helical Springs 


The author points out that old conventional formulas 
for determining stresses in helical springs are unsatisfac- 
tory and that the complicated equations offered in the past 


\few years by different authors are too cumbersome, es- 


pecially when the curvature of the bar, pitch angle, and 


bending stress for correct stress determination are con- 
sidered. If all of the stress-influencing factors are con- 
| sidered, the equations introduced in recent years become 
_ so cumbersome that designers are tempted to sacrifice 
_ accuracy for convenience by neglecting these factors. 
. Such short cuts for evading complications are unsatis- 
_ factory because the range of error thus introduced is not 
~ fully known nor realized. Because of these conditions, the 
_ author has developed new stress formulas for calculating 
) stresses in helical springs and presents them in this paper. 
These formulas are for use in determining the stresses 
in helical springs of circular-bar and rectangular-bar 
,cross section. They include the proper consideration of 
\bar curvature, pitch angle, and bending stress, but never- 
Wnelesa they are extremely simple. The author makes 
the design calculations for tension and compression heli- 
cal springs to show the application of the formulas he has 
developed. 


springs leaves the observer the unsatisfactory choice of 
the faulty old conventional stress formula or the com- 
plicated equations offered in the past few years by various 
authors who properly consider curvature of the bar, pitch 
angle, and bending stress for correct stress determination. 
But consideration of all these factors makes spring calculation 
_almost prohibitively cumbersome, so that even conscientious 
designers yield to the temptation of sacrificing accuracy for con- 
venience by neglecting some or all of these stress-influencing 
factors. Such short cuts for evading the complications are un- 
satisfactory inasmuch as the range of error thus introduced is 
not fully known nor realized. 
New stress formulas for helical springs of circular- and rec- 
tangular-bar cross section presented in this paper include the 
proper consideration of bar curvature, pitch angle, and bending 
stress, but nevertheless are extremely simple. Also, the degree 
of accuracy of the equations is plainly shown, and all doubt in 
regard to the extent of errors is removed. These facts make 
these formulas reliable and convenient. 
A very important advantage in the new equations is the use 
of the expression of the ultimate tensile stress instead of shear 


\ SURVEY of the known formulas for stresses in helical 


1 Assistant Chief Consulting Engineer, Allis-Chalmers Manufactur- 
ing Company. Mem. A.S.M.E. Mr. Vogt obtained his primary and 
secondary schooling at Romanshorn, Canton School at St. Gall, and 
Swiss Polytechnicum at Zurich, Switzerland. His professional career 

/0egan in the United States in 1903. He has been connected with the 
‘Allis-Chalmers Manufacturing Company since 1907 when he entered 
chat organization as mechanical engineer. 

Contributed by the Special Research Committee on Mechanical 
Springs, THe American Society or Mercuanicat ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
4.S.M.E., 29 West 39th Street, New York, N. Y., and will be 
‘accepted until October 10, 1936, for publication at a later date. 
Discussion received after this date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
inderstood as individual expressions of their authors, and not those 
of the Society. 
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stress, since tensile stress is the common term for specifying the 
strength of materials. These equations, correctly stating the 
difference between relative stresses in tension and compression 
springs, are 


ig 3.6P a 

("alo | 

6p SE), [2] 
d? n(1 — n) 


where S, = tensile stress in tension springs, lb per sq in., S, = 
the tensile stress in compression springs, Ib per sq in., P = 
spring load, lb, d = wire diameter, in., D = mean diameter of 
the spring coil, in., and » = d/D. 


DEVELOPMENT OF THE EQUATIONS 


The conventional spring formula 


where 7’ = torsional’or shearing stress, does not consider the 
influence of the curvature of the bar and neglects the bending 
and direct shearing action of the load. It gives a value for T 
which is approximately 40 per cent less than the actual value 
for a ratio of D/d = 4. 

Rover? has shown that the actual maximum stress in a helical 
spring is considerably higher than indicated by the old formula. 
Since the publication of Réver’s article other articles have been 
published on the same subject.*: 

Rover’s equations for torsional and bending stresses are 


D 
16PR d 1 + sin? & : 
ives = ir D ; ae ' D COS TaLS He 5 {4] 
(Coss = 
d * d 
32PR d sin? a 
TM Oebva teries 5 
Bra dex D é ar j D sin @ [ | 
= — cos = 
qin d 
where Tax = maximum shearing stress, Bmax = maximum 


tensile (bending) stress, R = D/2, and a = pitch angle. 

The spring stress equation given by A. M. Wahl! refers to the 
shearing stress only and disregards the pitch angle of the helix 
as being of little consequence. This equation is 


ree 
16PR d 0.615 
irae Fests | Nod op Bama (6] 
d? x 4 D 4 D 
d d 


2“Beanspruchung zylindrischer Schraubenfedern mit Kreis- 
querschnitt,’’ by A. Rover, Zeit. V.DI., vol. 57, 1913, pp. 1906-1911. 

3 Stress in Heavy Closely Coiled Helical Springs,’’ by A. M. 
Wahl, Trans. A.S.M.E., vol. 51, part 1, 1929, paper APM-51-17, 
pp. 185-200. Also, ‘‘Further Research on Helical Springs of Round 
and Square Wire,” by A. M. Wahl, Trans. A.S.M.E., vol. 52, part 1, 
1930, paper APM-52-18, pp. 217-227. 

4 “Die Berechnung zylindrischer Schraubenfedern,’’ by O. Géhner, 
Zeit. V.D.I., vol., 76, 1932, pp. 269-272. 
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Wahl’s laboratory tests in connection with the development of 
his equation are of great value, since his test results agree closely 
with the results obtained by using his equation and those of 
Rover? and Géhner,! when the pitch angle is neglected. 

Gohner’s‘ equations which are the most accurate for torsional 
and bending stresses are 


Linuaryi{ S\ a2 LkoM 
a *\e 16 \p 


err ae aed Goal 


where a = (d/2) and p = (R/cos? a). Géhner suggests a simpli- 
fied form of his complicated equation for shearing stress which 


is 
ge) ee 1 ame a 
ele ae 
2, 


Equation [9] is identical with Réver’s Equation [4]. In this 
form, an error of less than 1 per cent above the accurate amount 
for a spring index of 4 is conceded, which error diminishes quickly 
to zero as the index increases from 4 to 10, the result being 
very little below the accurate value at indexes above 10. 

In order to facilitate a comparison of the relative values of 
the formulas for torsional stress as given by Rover,? Wahl,’ 
and Gohner,‘ the author transformed their shear-stress equa- 
tions to the general expression 


8P 


Tax = ———~ 
a etl on) 


by assuming a = 0, and determined K from each author’s 
equation for spring indexes D/d from 1 to 20. 

The curves resulting from these solutions are shown in Fig. 1. 
These curves show how closely these authors’ equations for 
torsional stress in helical springs agree. There is less than 1.5 
per cent difference between the values for the equations by the 
different authors for a spring index of 3 to 4, the difference be- 
coming smaller for larger spring indexes. 

All these equations for stresses in helical springs are compara- 
tively cumbersome. The difficulties in determining the actual 
pitch angle of the helix, at which the torsional and the bending 
stresses are to be calculated, and the complication of combining 
the two stresses into one is, in many instances, sufficient reason to 
avoid the use of these equations. 

Accepting Equations [4] to [9], inclusive, as satisfactory in 
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accuracy, Réver’s Equations [4] and [5] were selected as a basis 
for further calculation, since his equations are most convenient 
in form for this purpose. The fact that Réver’s torsional-stress 
formula is identical with Gohner’s reduced equation was another 
reason for this particular choice. 

In the following calculations it is to be understood that all 
stresses referred to in the equations are maximum fiber stresses 
for any load. This maximum stress occurs in the most strained 
fiber, i.e., the fiber nearest to the center line of the coil. 

Starting the calculations with Réver’s Equations [4] and [5] 
in the forms 


cos a.... [11] 


sa 


ee ae 


F 1-D 

Spring Index n a 

Fic. 1 SHEARING-STRESS FacTors OBTAINED FROM EQuATIONS 
DrveLopep BY GOHNER, ROVER, AND WAHL 


2] 


where Equation [11] gives the maximum torsional stress, and 
Equation [12] gives the maximum bending stress. The ultimate 
fiber stress in the spring is found by combining the torsional 
stress and bending stress according to the maximum-strain theory, 
whereby 


pods wing 4 

te +3" B+ = / (B? + 4T?).....- [13] 
eae arcress 

ae —_— 78+ ot ~/ (B? + 4T?)..... [14] 


where S, = the tensile stress in the most strained fiber in ten- 
sion springs, S, = the tensile stress in the most strained fiber in 
compression springs, m = the ratio of lineal unit deformation 
to lateral unit deformation, and 1/m = Poisson’s ratio. The 
conventional value for steel is taken as m = 10/3, and the 
Hiitte handbook gives for spring steel m = 3.63. Assuming the 
latter as the nearer to correct value, we find 
S = + 0.36B + 0.64 V/(B? + 47%).....-20+ [15] 
Although Equation [15] is simple enough, the actual calcula- 
tion of the fiber stress is quite tedious. The author developed 
the simple equations for the combined stress in helical springs, 
as follows: 
Since the pitch angle @ is usually less than 10 deg, it is per- 
sin? a 


4(D/a) = 0 and cosa = 1, and we find 


missible to assume 
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is nearly equal to 1, and sin? @ is small 


— (d/D) 
4(D/d) 
in reference to it, it is permissible to write 


Since 1 iat 


16PD 
Se 7 + 0.36 sin a 
rds (: — 3) 
d 
: Ti Se 
EOL oe ae 18] 
: 5 ; Deng: 
a 
16PD 
x = F Coban ee (19] 
ras (: at 
where 
ad 
sin? a ae D 
6B = + 0.36 sin a + 0.64 | —— +14 D 
4 oS 
d 


When the tensile stress S, in the most strained fiber of tension 
springs is to be designated by Equation [19], 6 will have the 
‘subscript t, i.e., 8,, and the sign will be plus. When the tensile 
stress S, in the most strained fiber of compression springs is to 
be designated by Equation [19], 6 will have the subscript c, 
i.e., 8,, and the sign will be minus. 

ECuation [19] indicates the possibility of simplification by 
“determining actual values for 8. As shown, 8 is variable with 


pitch angle a and the spring index D/d. The pitch angle a varies. 


with the load and the spring index. 

In order to find the actual value of 8, the stress of helical springs 
‘made of round wire was determined for various values of a, 
“assuming for tension springs that the coils were wound close and 
were free of stress for no load. For this assumption, the stress 
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relation to the pitch angle a may be found by determining the 
value of P from the conventional deflection formula 
8nD3P 
FG 
and inserting it into Equation [19] with n = 1, G = torsional 
modulus of elasticity, and 7 = d/D. 


Thus 
7 16P 2Gnf 
SS Sanh eo 
ad?n(1 — 7) aD(1 — n) 
Under the assumption previously made in this paragraph, 
d 

tana = f = and f = rDtana—d. Substituting this 

Tr. 


' value of f in Equation [20] 


2G 
s,= = 


x 1—y7 


(a tan a —7) B,......... (21] 


For compression springs, the corresponding 8, must be used 
instead of 6, in Equation [21] and in place of S,, the stress Smax 
— 8, is equal to the right-hand side of the equation, whereby 
Smax is the maximum stress attained in the most strained fiber 
when the spring is compressed to solid contact of the coils, and 
S, is the actual stress at the same fiber at load P. For solid 
contact of coils (S, = Smax), the pitch angle a is the minimum 
and tana = d/rD, and q@ increases with Smax — S, or with 
decreasing S, instead of with increasing S,, as is the case on the 
tension spring. 

For compression springs 


2G 


r l—y 


Snax — S, = (mw tan a — 7)B,....... [22] 
Figs. 2 and 3 give the values for tensile stresses in helical tension 
and compression springs, respectively, for various indexes and 
pitch angles. For the latter it was assumed that the stress when 
the spring is compressed solid is still within the elastic limit of 
the material. 

The curves in Figs. 2 and 3 are transformed to Figs. 4 and 5, 
respectively, giving the pitch angle and index for constant 
stresses. These curves are more convenient for finding the value 
of 6, and 8, by given values of a for the corresponding stresses. 

Figs. 4 and 5 also show the values 8, and @, for tension and 
compression springs, respectively. 

For compression springs the maximum tension Smax is at 
pitch angles represented by curve a for Smax where tan a = 
d/xD and the zero tension is at pitch angles represented by curve 
OLOL |S max )Sinax OL See —1 0k 

The values 8 as shown by the curves do not change much for 
various (D/d) and various loads. 

For tension springs, 8, = 0.666 to 0.710 for (D/d) = 4 to 10, 
and 0 to 200,000 lb per sq in. stress. The total change is about 
6 per cent. Considering that accuracy in high stresses is most 
important, the total change in , is hardly more than 1 to 2 per 
cent for the usual working range of springs in commercial use. 
This fact suggests the use of a fixed value for 8, say, 8, = 0.707 
for tension springs, so that 168,/x = 3.6. The error in using this 
value will seldom be as much as 2 per cent (and this on the safe 
side) and, in most cases, less than 1 per cent (also on the safe 
side). Thus, 8, = 0.707 is the logical fixed value to choose for 
the purpose of simplifying Equation [19], the stress formula 
for tension springs. Therefore 
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Fic. 3 Stress AND Pircu-ANGLE CURVES FOR HeuicaL Com- 
PRESSION SPRINGS 

2G n 5 

ai er (x tan a — 7) B, where 8 = — 0.36 gin a + 


in2 (he 
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[ Smax —S= 


For compression springs compressed to solid contact, the 


value for 6, is almost constant for springs of any ratio D/d be- — 


tween 3 and 20, varying only between 6, = 0.6433 to 0.6404. 
For compression-spring loads of less amount than required to 
compress the spring to solid contact the factor 8, is smaller. 
For zero load on a compression spring of 200,000 Ib per sq in. 
stress when compressed solid and a ratio of D /d = 10, the factor 
8. = 0.605. However, considering the high stresses as the 
more important, i.e., the load when the spring is compressed to 
near solid contact for which condition 8, = 0.642, accuracy in 
the proper range is assured. 


_ 16 X 0.642 3.27PD 


ata) abd 


Thus, as a final result 
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Fic. 5 Srress Facrors 8 AND Pircn ANGLES a FOR HBLICAL 
COMPRESSION SPRINGS 
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where 7 = @/D. 

For helical springs with pitch angles greater than 15 deg (which 
are scarce) Equation [19] should be used for determining the ten- 
sile stress. 


HeLicaL CurvaTURB FacTor 


A striking similarity exists between the torsional-stress formula 
T = 8PD/rxd* (correct for a straight bar), and the author’s 
Equations [1] and [2] for tensile stress in helical springs. By 
assuming S = 1.37, the equivalent torsional shearing stress 1D 
tension springs as obtained from Equation [23] is 


ee ———————— 
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-and the equivalent torsional shearing stress in compression 
springs as obtained from Equation [24] is 


7 = fh oe 1 16 X 0.642 PD © NeI0RD 
ae igSye 1.3 7 d3(1 — 7) ad3(1 — n) 
ee snesiwe. |] bt | AIA [27] 
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; The difference between Equations [26] and {28] for rend glee 

“respectively, are the factors 1.0875/(1 — n) and 0.9875/(1 — 7) 

which may be termed helical-curvature factors since they change 

the correct shear-stress value for a straight round bar to the 
correct values for a curved bar of a helical spring, wherein the 
influence of the curvature of the bar, of the pitch angle and 
bending action of the spring load are included. The term (1 —7n) 
expresses mainly the influence of curvature of the bar. The 
‘factors 1.0875 and 0.9875, respectively, show the influence of the 
pitch angle a and the bending stress. 


Srresses in Hexicat Springs or SQuARE- AND RECTANGULAR- 
Cross SEcTION Bars 


A paper by A. M. Wahl,? published in December, 1930, gives 
‘the results of tests made by Wahl on helical springs with square 
and rectangular wire. The close agreement of the stresses, 
found by his tests, with the values derived from the Wahl equa- 
tion applied to such springs is convincingly demonstrated with 
‘a number of curves representing various cross sections of bars 
His equation is composed of Saint Venant’s value for shear or 
torsional stress in a straight bar of square or rectangular cross 
| section and the multiplication factor K = (4¢c — 1)/(4e — 4) + 
'(0.615/c), where ¢ = D/t, t = radial width of the bar, andt = d 
‘or round bar. This factor K is the same as Wahl applies to the 
stress value of a straight round bar to change it to the correct 
walue of a curved bar. 

_ The analogy of stress relationship in straight and curved round 

ars, and straight and curved rectangular bars, having been 
sroved by Wahl for his equation, may be applied for the equa- 

“ions presented in this paper by the author. As shown pre- 
viously, the correction factors for helically curved round wire bar 

wire 1.0875/(1—7) for tension springs and 0.9875/(1—7) 
or compression springs. 

These factors applied to Saint Venant’s value for torsional 
hearing stress in a straight rectangular bar give for a helically 
urved bar the correct torsional stresses for tension and com- 
ression. 

Saint Venant’s value for shearing stress of a straight rectangu- 
sar bar, with ab cross section as shown in Fig. 6 is 


. noca* 


where r = D/2,¢ = b/a when 6 2 a, and 7 = factor as given 
Fig. 6 for various ratios of b/a. 

The stress in helical springs with rectangular-bar cross section 
xpressed in shear stress is 7 = (Pr/n:ca*) X helical curvature 
actor, or 


P 1.0875 


T= 
2nn2ca? 1 — n 
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Expressed in tensile stress by multiplying with 1.3 


BP eis4i14 
2nn2ca? 1—n 


S, —— 


[Perth 


Fig. 6 Facrors 72 AND 73 FOR RECTANGULAR SHAPES IN TorRSIONS 


where 7 = a/D wherein a is the radial width of cross section ab. 
The deflection of this spring is 


f = ammP 


4nan®ca' 
where the factor 7; is as given in Fig. 6. The factor (1 + 0.372) 
will be explained later in the paper. 


alle TUE nove aa gia [34] 


EXAMPLE 


To illustrate the accuracy of Equation [2] for compression 
springs, an example is given with the A.A.R. class-D outer spring 
of 41/,-in. mean diameter and 13/;.-in. bar diameter. This. 
spring compresses to solid height under a load of 14,250 lb. 
The stresses were determined from Equations [4] and [5 ], Réver’s 
formulas for Tmax and Bmax and the two stresses combined to 
S,,|by using Equation [14]. Itis seen that 7 = 133,292 lb per sq 
in., B = 22,580 Ib per sq in., and S; = 163,551 lb per sq in. 
The value of S, as determined from Equation [2] is 164,121 
Ib per sq in., which is 0.35 per cent greater than S, for this par- 
ticular spring. 

Since the strength of the material cannot be predicted to 
within such close limits, the author’s Equations [1] and [2] 
are fully satisfactory. Besides the advantage of calculating the 
combined bending and shearing stress with these equations, 
the strength of the spring can be judged in terms of tensile rather 
than torsional stress, which is of great importance, as the physical 
quality of the material is specified in tensile stress and never in 
shearing stress. The ultimate tensile stress is easily determined 


5 ““Applied Elasticity,’ by S. Timoshenko and T. M. Lessells, 
Westinghouse Technical Night School Press, East Pittsburgh, Pa., 
1925, see section on “Shafts of Noncircular Cross Section,’’ pp. 32, 33, 
and 34. Also, ‘“‘Hiitte, Des Ingenieurs Taschenbuch,”’ twenty-sixth 
edition, W. Ernst and Son, Berlin, 1931, vol. 1, pp. 635, 637, and 
670. 
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- for all materials by a tension test or even more conveniently by 
a simple hardness test. A direct comparison of a large number 
of physical tests of steels of any specification indicates a fixed 
relation between hardness and yield point and hardness and 


‘ultimate stress; approximately, the yield point YP of steel in 


TABLE 1 PROPERTIES OF SPRING STEEL 
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Piano wire 


Tensile yield 


170,000-192,000 


Ultimate ten- 


Brinell point, lb per stile stress, lb 
hardness sq in. per sq in. 
Pe kag Carbon spring steel 352-415 158,000-194,000 176,000—208,000 
_ ~~" | Alloy spring steel 363-444 164,000-210,000 _182,000-220,000 
{ Spring steel 
CF and BM 370-426 170,000-192,000 185,000-213,000 
 Hiitte 
! PC 300 400-452 175,000-192,000 199,000-226,000 
Natural hard 340-368 142,000-156,000 170,000—184,000 


185,000—213,000 


Ib per sq in. is 580 times its Brinell-hardness number BH less 
- 46,000, and the ultimate tensile stress Sut is 500 times its Bri- 
-)nell hardness. 

According to ‘Recommended Practice,” approved by the 
board of directors and the Recommended Practice Committee 
_ of the American Society for Steel Treating, spring steel should be 
tempered for a Brinell hardness of 352 to 415 for carbon steel, 
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an ~ 3.6G 7 (1 + 0.32), where f = spring deflection, in. | 
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and 363 to 444 for alloy steel. The corresponding yield points 
and tensile strengths are given in Table 1. 

By applying the proper factor of safety, the stresses given in 
Table 1 may be used directly in Equations [1] and [2]. 


Srress AND Drertection Diagrams 
Using Equation {1] or [2] as a basis, the curves for 


Se nae ee 
P = d%>(1 —n) 


3.27 
d?n(1 — n) 


shown in Figs. 7 and 8 for maximum tensile stresses for tension 
and compression springs, respectively, were plotted. These 
curves are very convenient for selecting the proper size of helical 
springs for any given load at any desired maximum stress. 
Figs. 9 and 10, respectively, give the deflection of helical ten- 
sion and compression springs per inch wire or bar diameter, and 
per coil for various tensile stresses. Knowing the wire and coil 
diameters d and D, the number of active coils!® n, and maximum 
tensile stress desired, the deflection may be found by multiplying 
the value f/dn given by the respective stress curve for the ratios 


D/d by d and n. 


6 “Number of Active Coils in Helical Springs,” by R. F. Vogt, 
Trans. A.S.M.E., vol. 56, 1934, paper RP-56-4, pp. 467-476. 


& é 
g 
OE 2 


6 7 & 9 ' 


1s 210 

w 8 
¥ : EBD 
F if F 2 
a 7 Sed 6 E 
g 5S ex 
4 Pies 
5 i 4] 3 
a isos é 
3 ; Bi” g 
ge 

4 5 owas 

g HALL fei. & 

J +2 
= gj = I wei! J 
& Airs 5 tH 8 
id ig arars : « 
t YA) tr é 

4 
oO Pe 
iz a aA f /, al rs 
At 5 
s 7 
f < 
aacs S 
; Z 
! 0.08 > 
3 0.045 Z 
Zz : x 
% o03 
& fe Zz 
E ies a 2 
2 97: Hil 
Z ooa pits ys iB 
Lath: F 
ae 8 
is suas f t 
iH 
we LY “i 
4 Ri ap Bs f | t 
3 ad 


Fie. 10 Derrection ror HericaLt ComMpREssION SPRINGS 
or CrrcuLAR Cross Section 


te cy AS cnc, A ; : 5 : | 
aA 3.27 a2 (1 + 0.3n2), where f = spring deflection, in. 


AT4 


- ‘The main advantage of these curves for spring stresses and de- 
flection is the fact that they indicate at a glance the full range of 
spring data from which it is possible to choose the most desirable 
specification for any given problem without repeating any spring 
calculations. 


Sonvine Hericat-Sprine ProsLemMs WITH THE AID OF Fias. 
7, 8, 9, and 10 

Example 1. A compression spring is required to carry a static 

load of Q = 1500 lb, which load should be one half of the maxi- 

mum capacity at which the maximum stress is to be not over 

S, = 150,000 lb per sq in. ‘The spring is to deflect 1 in. for a 
load change of 492 lb. 


TABLE 2 SPECIFICATION FOR SPRING DESIGNED IN 


EXAMPLE 1 
Maximum load P, lb....... ule olathe Bs. stots eu Ste aieie EM gases Ss 3,000 
Maximum tensile stress S, lb per sq in....--..-+-+++++++--> 150,923 
Change in load for 1-in, deflection, lb...-.....-++-++-+++++ 492.118 
Maximum deflection f, in....--+.-++++escteecr re etceee bate 6.090 
“Wire diameter d, in........---- SE Ee iwegase art a ates eae 0.750 
Mean coil diameter D,in.....-.----+-5++ Pts oats dee eee 5.625 


Spring index D/d = 1/n..-- +++ ++ 20sec eerste 7.500 
Outside diameter of coil Da,in......--- +66. s see terre eee 6.375 
Inside diameter of coil Di, in.......-- +--+ ee eee eee teeters 4.875 
Number of active coilsn....-..--2+-00- cece rece e rere 5.250 
Number of free coils, n — 1/2... - +--+ esse eee e essere 4.750 
Total number of coils, including tapered end? 9t 2. Sintra 7.250 
Free length, [(n — 1/2) + 2]d +f, iM... 2. -- +e see ee eee etree 11.152 
Free coil pitch [f/(m — 1/2)] +d, im... - eee eee ee eee ee 034 


2. 
Piteh angle... oe vss cen cae seis ve oes oie sein sini nie ieee 6 deg 34 min 


The maximum load P of the spring is 2"X 1500 = 3000 lb. 
This gives S/P = 150,000/3000 = 50. 
In Fig. 8, the second column of ordinates shows S/Pe= 0:1 
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Total No. of Coils from A—B 
Free Coils from Y—Z 


Fie. 11 Sprina DesiegNep From Data in EXampLe 1 


to 100 and the third column of ordinates shows S/P = 10 to 
10,000. For S/P = 50 in the second column, the spring wire 
sizes range from 1 in. for D/d = 14.4, to 1.175 in. for D/d = 20. 
In the third column of ordinates, the wire size corresponding to 
S/P = 50 is given as 0.55 in. for D/d = 3, to 1 in. for D/d = 
14.4. The wire size for our specification, therefore, ranges from 
0.55 in. to 1.175 in. for D/d = 3 to 20. Choosing D/d = 6 to 8, 
Fig. 8 shows that for this range the wire size is between 0.69 in. 
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and 0.77 in., respectively, and selecting 0.75 in. as wire size, the 
index D/d is fixed at 7.5. 

In Fig. 10, the line for S, = 150,000 lb per sq in. crosses the 
line for D/d = 7.5 at the line for f/dn = 1.55. 

According to requirements, the deflection for 492 lb is 1 in. 
and for 3000 Ib load or for a stress of 150,000 Ib per sq in., it is 
6.1in. Therefore, 6.1/0.75n = 1.55, orn = 6.1/(0.75 X 1.55) = 
5.25. 

The spring, complying with the requirements, has the specifica- 
tion listed in Table 2. A sketch of the spring is shown in Fig. 11. 

For illustrative purposes this spring problem was carried to 
an accuracy greater than that necessary for general practical re- 
quirements. All problems concerning helical springs with circular- 
cross-section wire can be solved conveniently with the aid of 
Figs. 7, 8, 9, and 10. 

Example 2. For a helical spring with known wire diameter d, 
mean coil diameter D, number of active coils n, and maximum 
deflection f, the maximum stress S, and the load capacity P may 
be determined as follows: 

Find in Figs. 9 or 10, as the case may call for, the value S for 
f/dn and D/d. Figs. 7 and 8, respectively, will furnish S/P 
for d and D/d, from which the value P = S/(S/P) may be de- 
termined. 

In a similar way, any of the missing helical-spring data may be 
found if the necessary minimum information is given. 


TorsIONAL DEFLECTION AND DirEcT-SHEAR DEFLECTION OF ; 


HeE.icaL Sprives 
The deflection equation 


fy eee 
dn 3.274 7? 


given in Fig. 8 is derived from the conventional deflection 
equation f = 8nD*P/Gd‘ in which a correction is added for the 
deflection due to pure shearing stresses in the spring wire. By 
substituting for the spring load P its equivalent value expressed 
in tensile stress, and adding the direct-shear deflection, Equation 
[35] is derived as shown in the following paragraphs. 

Although the conventional equation for helical-spring deflec- 
tion f = 8nD*P/Gd‘ is accurate enough for all practical purposes 
it is theoretically inaccurate due to the facts that it neglects the 
effect of the curvature of the bar, and omits the additional de- 
flection caused by direct shear in the spring wire or bar. The 
deflection due to direct shear in most deflection problems is 
usually so small that it may be omitted without any practical 
consequence. This is especially true where the length of the 
beam is comparatively small in reference to the cross section of 
the beam. Accurate spring-deflection tests, like those made by 
A. M. Wahl,* have indicated that helical springs with smaller 
indexes show deflections which do not entirely conform with the 
expected results based on conventional spring-deflection formulas. 
The author’s investigations show that this diversion from the 
conventional spring equation is due to the omission of the de- 
flection caused by pure shear in the spring bar. 

The deflection of pure shear in a cantilever bar is f’’ = yL 
= (T/G)L = PL/F,G. According to Hiitte, the effective area 
for shear in a circular cross section is F, = F/1.2 = d?*x/(4 X 
1.2), so that the deflection f’’ of this bar becomes 


fm == 


where P = load or force causing shear, y = shear angle in radi- 
ans, L = length of bar subjected to shear, G = modulus of 
elasticity for shear, 7 = shearing stress, F = cross-sectional area 
of bar = d?x/4, and F, = effective area for shear. The pure 
shear deflection f’’ of a cantilever bar is as shown in Fig. 12a. 


AISP.L) sGds naw ae beer (36 ] 


ee 0.5) dee [35] 


) RESEARCH PAPERS 


) With reference to Fig. 12b, if P were acting on the end of the 
cantilever L by means of a crank lever R, a torsional deflection is 
produced to which the pure shear deflection must be added. As 
indicated in Fig. 126 the end B and also C drop to B’ and C’, 
‘tespectively, due to direct shear from load P. The point C drops 
‘from C’ to C’’ due to the twist in bar AB produced by torque 
PR. The total twist angle at B amounts to w = 32RPL/rd‘G 
which is the arc length in radians from C’ to C’’.. The deflection 
sdue to torque PR is f’ = Rw = 32R?PL/rd‘G. The total 


movement of point C is 
4.8PL eG R? 
= (x Zz + 45) soe 


eG  7bG 


) 32R2PL 
ef +f! = dG 


This deflection, however, is only correct for a straight bar of the 
| length L. When this bar is coiled, the deflection for torsion be- 


hie. 12 
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(6) CANTILEVER Bar WITH 


(a) STRAIGHT CANTILEVER. 
CRANK LEVER 


somes less. This conclusion is drawn from the development of 
‘Equation [4] by Réver for torsional stress in a helical spring. 
‘fa this development Réver shows that in a curved bar, loaded in 
she center of the curvature by force P, which acts perpendicularly 
‘vo the plane of the curvature, the sum of the components of the 
vorsional-shear forces, which are parallel to the force P, is not zero 
out equal to P/2 and acts in the opposite direction of force P. 
This sum of unbalanced components of torsional-shear stress 
sauses a deflection of the coiled bar which is opposite in direction 
so the deflection f’ + f’’ and amounts to f’’”’ = 4.8(P/2)L/xd?G. 
Yor the coiled bar L = 2Ran if R is the radius of curvature and n 
the number of coils. Then f’’’ = 4.8PRn/d?G. 


Thus 
R?2 PRn R? 
= Bo} — 6 }.. [88 
iG (2% +45) PG (2% +0 ) [38] 


The total deflection is f = f’ + f’’ —f’". Therefore, the total 
deflection is 


a Sf =, 
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Expressing P in Equation [40] in the corresponding tensile 
stress for tension and compression springs, the equation for ten- 
sion springs is 


A 8S,nd qd == 1) 


LF O:372) sass 41 
teat [41] 
and the equation for compression springs is 
= eet AO 72) vate ate 42 
fi 3276 a (1 + 0.3n?) [42] 


from which f,/dn and f,/dn furnish the values in Figs. 9 and 10. 

The direct-shear correction factor (1 + 0.3n?) for curved bars 
varies so little from unity that in general practice it may be 
justifiably replaced by unity. 

For a spring index of D/d = 1/n = 3, the correction amounts 
to only 31/3; per cent and diminishes rapidly with increasing index. 
However, the factor (1 + 0.3n?) being such a simple expression 
should be included with the conventional helical-spring deflec- 
tion equation, since it shows the curvature effect and assures a 
truer value for helical-spring deflections. Checking the results 
of accurate deflection tests with this corrected equation will 
show that the torsional modulus of elasticity does not change 
for varying indexes as has heretofore appeared to be the case 
when checking with the conventional deflection equation. 


CoNcLUSsION 


Due to the importance of helical springs in industrial machines, 
especially in construction of railroad equipment and automo- 
biles, in which a failure may lead to serious injuries, careful 
spring design is necessary. But, as a matter of fact, most springs 
and especially helical compression springs are made and applied 
so that they can be and are often actually subjected to stresses 
reaching the elastic limit of the material. The usual procedure 
of making a compression spring is to wind it with a large pitch 
so that when it is compressed to solid contact of the coils the 
first time, its stresses go beyond the elastic limit and a permanent 
set takes place. If the spring is left compressed to solid contact 
of the coils for a sufficiently long time or repeatedly compressed, 
the spring material adjusts itself by stretching to a point where no 
further permanent deformation, i.e., set, takes place, but every 
time the spring is compressed to solid contact of the coils, the 
material is stressed to its elastic limit. 

A comparatively small number of these maximum deflections 
will cause a failure. To avoid such failures the spring deflection 
range should be limited by a positive stop to a point of predeter- 
mined maximum stress, which is far enough below the elastic 
limit to conform with the importance of the application. In 
compression springs, this positive stop should be the stop at 
solid contact of the coils, and the springs should be wound ac- 
cordingly. 

Keeping these points in mind and using the author’s simple and 
accurate Equations (for bars of circular cross section) [1], [2], 
and [40], and (for bars of rectangular cross section ( [32], [33], 
and [34], the engineer is enabled to solve his spring problems 
in a more satisfactory way than heretofore. 


oad hoe = 


; ie Uy : 


j | aan | \ Ae 2 sil Ne ag sft aap | : 2 aa . 
ae ; ; iy ‘ . $a 
} * ; mye waive ae 
| i het 88 eo ic 
syonls Rd plied 5.2 


Assis kia preemies eee ne 
” ui a. 4 Viiv NSE See r ; 
ia on foley AAD oO) 
“i oui uit a ary Stas; Ne av ‘pith 
_ 4 +5 . me 7 cd 3" 
vw rah eh 
“ i i 
P ran ony ( Bs ty a e moe 
es 4 \ = % oe Pots 
ab ap J 
‘ iS A a & vas i a Pat 
= "I - Whew Soy jie nya) adds. toy 
ae : “4 4 Rey. 
ee Sea tah ied 
P\.+ : Ong ett * i a ¥' uf _ - ria a, ie zs i 
R dud eas GO ay ; a aoe 
| ie, fle . * i } rab es. a ae 9 
at QO 4 me, ot ge a dh? 
(hey at } ~~ 7 ne 3) 
heel ahd Ry vat Had : 
Yahi “Bh > 7 


jet ee he vl JH egaty 7 > i ” 4 
BY abtewre toll ye) olla, | a tous 
sf “Te iGuipe ry baa! e ee |) inex sf 
pte eae one ae eta “des 


satis abe tre tte art sae 
j Tae oh 
‘2 mal , »S 
i] s To 
i mat 


hast. i , 0 yen : x: po We tips 
‘ Ag? ei * het je amy Me Lae 
m+ 
pee 
Medboour ere Ay, SAL) OF a 
yy wer le ig aa 1 be 
Aoflitsrh st borg se yan 


’ j ae % , a j ‘tela e hal mr doute.? 
PA vibe aa stable re bar i pedi A 2 
! s t mide pi vv sl ‘i 


uy 


j 4 
. om 


f 
4 


t 
: 


Discussion 


Power-Distribution Costs’ 


Wituram D. Ennis.? It is true that regulatory procedure has 
been more effective in determining aggregate operating revenues 
than in mediating between customer classes. Reports to com- 
missions are highly detailed, whether appropriately or not; but 
they do not in general call for allocations of overhead. This is 
no doubt the case because such allocations would be largely arbi- 
trary. Neither (in general) do municipal water-supply enter- 
prises correspondingly allocate overhead costs, although such 
allocations might in their cases be comparatively a simple matter. 

It is also true that in general we lack complete book records for 
construction costs. It is insufficient justification for this that the 
courts have stressed reproduction cost more than recorded cost in 
the determination of the rate base, and have paid little attention 
to segregated construction costs. 

Allocations, whether of construction cost or of annual overhead 
expense, are ultimately matters of opinion. ‘‘There is no im- 


‘mutable law,” says Mr. Cooke. Cost practice can be improved 


_boken, N. J. 


(perhaps vastly), but to the extent to which allocation is residually 
arbitrary there will be no agreement in results,and costs for various 
customer classes will therefore finally remain matters of judgment. 
Hence rate comparisons, one geographic area against another, are 
of limited value. Reasons are suggested by Mr. Cooke. Does it 
follow, then, that yardsticks are of little value? 

The author’s classification of residual overhead is intriguing; 
but here, as elsewhere throughout the paper, arithmetical illus- 
trations of actual cases would be helpful. And what is ‘‘excessive 
capacity?” There is such a thing as reserve capacity, capacity 
provided to insure continuous service. There is also capacity 
installed in excess of immediate requirements because, while loads 
increase gradually, equipment must be acquired in finite blocks. 
In either of these cases, is there excessive capacity? Under what 
conditions and for what reasons does excess capacity ever exist? 
The courts include only “used and useful” property in the rate 
base. Would they consider ‘excessive capacity”? to be useful? 
If not, why worry? 

One of the major importances of costs arises from their in- 
fluence onrates. But rates to various customer classes are not and 
should not be solely determined by respective costs. There is, for 
example, the influence on future costs to be considered. Mr. 
Cooke’s paper discusses, no doubt intentionally, costs per se. 

If at any time (of the day or year) the load is less than the 
existing necessary capacity, then it pays to offer current at a 
bargain rate during such time—pays the special customers in- 
volved, the company, and all other customers. Traditionally, 
bargain rates have been named to industrial customers—because 
they had to be. It may be that now they should be extended to 
other classes of customers. That depends largely on the elasticity 
of demand which may result from rates below about 4 cents to 
residence customers. 

The issue here is not the abstract justification for class rates. 
There is plenty of évidence on that point. It is, what customer 
class shall be granted the bargain rate? Railroads have had to 
settle this in connection with freight rates and manufacturers in 


1 Published as paper MAN-58-1, by Morris Llewellyn Cooke, in 
the May, 1936, issue of the A.S.M.E. Transactions. 

2 Humphreys Professor, Stevens Institute of Technology, Ho- 
Mem. A.S.M.E, 


connection with export trade. The principle of rates based on 
increment costs is sound, but who is to occupy the incremental 
position? There is the real issue, and almost the only genuine 
issue, in electric rate making. 


H.S. Person. Before passing to consideration of a particular 
phase of Mr. Cooke’s paper, I desire to record my agreement with 
it as a whole. This agreement is not only with the point of view 
and the general argument, but also with such specific propositions 
as the following, which I believe I find in it: (1) That the order of 
accounting in question is one in which current accounts are kept 
of adequately classified and symbolized basic unit expenditures, 
from which by selection and combination there may at any time 
be drawn the costs pertaining to any particular property, area, 
function, or class of consumers. (2) That the problem is one of 
developing a particular type of accounting and not of copying and 
applying some particular system already created. (3) That the 
development of such a type is not a simple and easy matter, but 
is nevertheless possible, and is urgent from the points of view of 
both the industry and the public, for costs, although they are only 
one of several factors entering into the determination of selling 
prices, are in that respect especially important in an industry not 
freely subject to the forces of competition. (4) That it cannot be 
done over a week-end, but will require painstaking effort spurred 
on by the continuing support of the leaders in the industry. 

The particular phase of the paper to which I now give attention 
is indicated by a question: Is not the distribution of electric energy 
so different from manufacturing—complicated by so many more 
variables—that it is technically impossible to develop for it the 
order of more precise accounting and cost finding in question? 

My unhesitating answer to this question is, No. Distribution 
of electric energy is different, but not so completely different—is 
complicated by variables, but not so much more so—but what the 
high order of cost finding urged by Mr. Cooke is applicable to it. 

I once had occasion to make a study of this very problem. The 
method pursued was comprehensive, detailed field inspections in 
three sample areas—small city with rural extensions, high-class 
suburban, and complicated metropolitan. These inspections were 
for the purpose of examining every cost-creating act and de- 
termining whether each act, even though it involved joint costs or 
overhead not immediately distributable, could be individually 
accounted for in a system of basic accounts, so identified by a 
symbol] as to indicate its important relations and permit it tobe 
combined with other data in drawing area, property, function, or 
consumer-class costs off the books. 

The findings were that individual unit costs could be dis- 
tinguished and recorded currently in a basic system of accounts, so 
symbolized as to be readily and economically drawn off and com- 
bined in any cost determination by standard sorting and com- 
puting machines. 

Unquestionably, certain adjustments in management would 
have to be made, but no more than in a large manufacturing 
business producing a great variety of items and consisting of 
constituent plants thrown together by purchase and other modes 
of consolidation. This does not mean, of course, that manage- 
ment in its general aspects must be cut.to fit an accounting system. 
It means, in the first place, that careful functional organization 


2 Consultant in Business Organization and Management, New 
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must eliminate the variations, inconsistencies, and conflicts in- 
herited from constituent plants incorporated without revision of 
their organizations and modes of operation; and, in the second 
place, that in connection with this, units of cost must be more 
clearly delineated, responsibilities defined, and work laid out, 
written orders issued, and reports made in terms of these units. 
It may be noted that development of the type of accounting and 
cost finding recommended would aid materially in these better- 
ments. 

Apparently, the cost of such a mode of accounting and cost 
finding would not be out of line with the cost of a similar mode 
of accounting and cost finding in a comparable fabricating enter- 
prise; comparable, that is, as to variability of factors, value of 
investment, and annual turnover figures. 

The problem is not so much one of technical difficulty as of a 
will to do, clear understanding of the order of accounting and 
cost finding in question, suitable organization for its development, 
and continuing high-executive support. The cost of development 
would be an investment amortized with reasonable promptness 
by savings in costs, including not only general administrative and 
operating costs but also the costs of occasionally digging out costs 
from undifferentiated data for commission hearings. 


R. T. Livinesron.‘ It is hardly possible in a single discussion to 
present completely the whole problem which has been brought 
up by Mr. Cooke and at the same time point out the many mis- 
statements in the paper. Consequently, I am confining my- 
self to: (1) Discussion of Mr. Cooke’s false premise; (2) defini- 
tion and discussion of costs in general; (3) derivation of formula 
for cost of service; (4) discussion of application of formuk; 
and (5) discussion of Mr. Cooke’s conclusions. 


Tue Farse PREMISE 


The paper starts with the statement that public utilities do not 
keep proper accounts nor adequate cost records. This statement 
is repeated with various additions, insinuations, and inferences, 
terminating with a statement to the effect that any methods which 
may by accident be applied were developed by those outside the 
industry. This sweeping condemnation of the industry and those 
engineers within the industry is false and misleading. 

There are few cases in industry where such complete and ac- 
curate records are kept in such meticulous detail as is done in the 
public utilities. Not only are such records kept but they are a 
matter of public record and available for all to study. It is also a 
matter of common knowledge that the method and detail by 
which these accounts and records shall be kept is specified, com- 
pletely and in great detail, by regulatory bodies. Public-utility 
companies are bound by law to keep their records in the manner 
specified and do so. 

The making of cost determinations and comparisons, both 
routine and occasional, is a matter of operating routine and is 
engaged in to a greater or less degree by every operating utility 
in the country. Far from being a secret, the making and use of 
such studies has been discussed at great length in the technical 
press and goes back to the work of Wright and Hopkinson in the 
past century. A bibliography on this one phase alone would cover 
several hundred items and would include at least one N. E. L. A. 
prize paper. 

Such studies can be and are made as accurately as the specific 
situation under consideration warrants. It is well known that 
cost is not the only important factor in making rates. While the 
cost of service may and must govern the overall rate situation, it 
does not and cannot govern the rate to each and every consumer. 


4 Professor, Industrial Engineering Department, Columbia Uni- 
versity, New York, N. Y. Mem. A.S.M.E. Vice-President, Society 
for Advancement of Management. 
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It is, of course, true that the total cost of service must be received 
in order that any service utility continue to render the requisite 
service, yet the value-of-service principle will control certain 
portions of the schedule just as political pressure and economic 
expediency will dictate other portions. As rates cannot be made 
to coincide precisely with costs, extreme accuracy in making cost 
studies is seldom warranted. Further, as the policy in regard to 
rates is to have uniform rates over constantly increasing areas, 
the breaking down of costs, so that they can be determined out 
of specific substations and feeders, is possible but wholly un- 
necessary. The cost of such studies would far exceed their value. 

An absolutely accurate cost determination can only be made 
after long and complete studies of loads and losses have been 
made. Not only must such a study be a specific determination 
but must embrace the division of these loads and losses among 
types of customers and even in some case among the various 
specific customers within such classifications. Perhaps most im- 
portant of all, even when such detailed studies have been made 
they will not be accurately applicable for the future because, 
contrary to most industries, demands, output, and losses are con- 
trolled by the customers and not the management and vary 
throughout wide limits, altering not only from year to year but 
also from day to day. 


DEFINITION OF Costs IN GENERAL 


One reason there is so much fruitless discussion on costs is that 
few people take the trouble to consider the fundamental problem 
of what a cost is and to define its terms. The problem of cost 
determination has three aspects which it is essential to differentiate 
among: 


(1) How much did it cost to deliver the number of units of 
service or product to the number of consumers and at the rate of 
demand which actually existed—factual, static, metrical, and past. 

(2) How much might these same units of service or product to 
the same number of customers at the same rate of demand and 
under the same physical situation be delivered for under the most 
efficient conditions—comparative, estimation, problematical. 

(3) How much under some other metrical situation might 
some other number of units of service or product at some other 
rate of demand be delivered for—dynamic, mathematical, ana- 
lytical. 


If these three aspects are considered separately and not combined 
then much of the confusion disappears. 

The classical definition of a cost—“any expense essential for 
the maintenance of a given volume of production”—is like all 
generalities, of no great practical value. The concept of cost is 
governed by position in the chain of production; what is one 
man’s price becomes another’s cost. The seller’s price is the 
buyer’s cost and this assumes more than academic interest when 
it is realized that any manufactured article is created by the 
collection, processing, and assembly of a number of seller’s goods. 
Hence, the cost of any such manufactured article is largely 
governed by the price of the purchased goods and of the labor, 
capital, and management employed in this collection, processing, 
and assembly. 

All the essential expenses for the maintenance of production 
may be grouped into three classes: The first, having to do with 
the raw material and the labor applied thereto; the second with 
the capital or money applied; and the third with the necessity of 
social protection. The first may be considered the human hire and 
the material purchased; the second, the management purchased 
and the capital hired; and, the third, the cost of preserving the 
social system, consisting of taxes, insurance, and other similar 
items. 

The costs of raw material and the labor applied to convert this 
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raw material, the costs of selling and other charges incident to the 
direct production of the goods sold are termed “operating costs,” 
and all the other expenses of securing and possessing the required 
capital, engaging the needed management as well as the dues of 


’ social protection, are considered together and termed “‘fixed costs.” 


Operating costs are also sometimes spoken of as ‘‘direct costs,” 
because they are directly caused by the production and vary 
largely with variation in the production. The fixed costs may be 
called ‘indirect costs” or ‘‘overhead costs,’’ because, while they 
are caused by the necessity of production, their basic reason for 
existence is the capital employed in producing the commodity or 
service rather than the production itself. Hence they are only 
indirectly related to the production. 

Thus it may be stated that all costs are essential expenditures 
and that basically they are caused either by the production of 
the goods or by the capital employed. This fundamental division 
is necessary though perhaps confusing, and it may not be im- 


_. mediately apparent why the hire of the capital should beconsidered 


any more respectfully than the hire of the labor and the manage- 
ment or the purchase of materials. The reason is because of the 
fundamental difference in viewpoint of the accountant and the en- 
gineer. The accountant records the expenditures and the method 
of recording the former differs from that of recording the latter. 
Not that the hire of capital is sacrosanct, but rather its time 


| element extends over a long period and is paid for in a different 


manner from the hire of labor whose time element is short. 

It is to be assumed that money is spent and expenses incurred 
for specific purposes and that there must be some relation between 
the money expended and the purpose. In other words, for every 
expenditure of money there is some relatable causal factor which 
usually can be identified. Any cost whose causal factor can be 
determined or accurately assigned may be termed an “‘assignable”’ 
or “‘A cost.’’ All those costs which are not directly assignable may 
be termed ‘‘unassignable”’ or ‘‘U costs.” 

From an economic or physical point of view the specific pur- 
poses for which money is spent, expenses incurred, or investment 
made may be classified under the following headings: 


(a) For the supplying of the commodity = 

(b) To provide for the maximum rate of 
demand for the commodity 

(c) For readiness to serve the consumer = 

(d) For obtaining a certain amount of 
revenue = 


commodity cost 


demand cost 
customer cost 


development cost 


All costs which cannot be traced to one or more of these causes 
and so assigned are unassignable costs. In the assigning of costs 
to their proper cause there will be varying degrees of certitude. 
Some will be obviously traceable to their cause, while in other 
cases long and perhaps tedious statistical studies will be required 
before it can be determined which of the four causes is predomi- 
nant. It will perhaps be discovered that there is a bi- or tripartite 
relationship; the cost depending upon either the simultaneous 
interaction of two or more of the causes or perhaps is the result of 
two or more independent causes acting. 

Commodity costs are all those costs which vary with fluctuations 
in the production or delivery of the commodity, which would be 
increased by an increase in production, delivery, or sales and 
decreased by a decrease therein. These fluctuations in cost and 
commodity are not necessarily directly proportional, there may 
be a time lag, or a complex functional relationship. 

Demand costs are caused by difference in the maximum demand 
for the production. They are all those costs which depend upon 
the capacity of the plant and other facilities. Increased capacity 
is necessitated by increase in the maximum demand, even though 
the total production is a constant, and in such cases the produc- 
tion of the commodity is only obtained at increased cost. This is 


true whether the governing maximum demand is the week’s, 
day’s, hour’s, or minute’s capacity. This governing maximum 
demand is determined by the perishability of the product, the 
overload capacity of the plant, and the possibilities of storage 
during ‘‘off demand’ periods, such storage diminishing the re- 
quired plant capacity. 

Theoretically, all business enterprises are engaged in to fill an 
economic want and to make a net profit to those operating the 
enterprise. The source of the profit is, of course, the revenue 
received, and hence certain expenditures will be made in order to 
encourage and promote the use of the product of the enterprise or 
to bring in more revenue. Such expenses may be termed ‘‘de- 
velopment costs.”” There are two types of these costs; those which 
are incurred in order to produce revenue, and those which are 
incurred as a result of revenue received, the former leading in- 
creases of revenue, the latter following. 

There are, of necessity, certain costs which depend upon the 
number of customers and which are not governed either by the 
commodity, the demand, or the revenue, and these costs are 
called “customer costs.” In other words, certain investments and 
costs are necessitated to take care of any customer, no matter 
how small—that is, there is an irreducible minimum for every 
customer no matter how little of the commodity he demands or 
how small his demand or revenue is. 

There are certain other types of costs and cost variations and 
nomenclature which are commonly used. In many enterprises 
two or more commodities are produced. All costs which are 
traceable to either commodity alone are termed “special costs,” 
while those which are incurred due to the business as a whole and 
which are not special costs are termed ‘“‘joint costs.” These terms 
are familiar to economists, and it is most important that they be 
not confused with the assignable and unassignable costs previ- 
ously mentioned. In studying these latter it is always necessary 
to remove the former before undertaking an analysis. 

When considering the variation of any given cost with output, 
as is the case in dynamic analysis, there are two other costs which 
are commonly spoken of; (a) incremental costs and (6) no- 
production or fixed cost. These are perhaps best illustrated by 
considering Fig. 1. The cost of operation of any economic mecha- 
nism which has the normal form of efficiency curve—an increase 
from zero production to a maximum and then a falling off—may 
be expressed by a cubic equation, such as that represented by the 
line aeg, or 
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Within the “normal range of operation” and particularly at the 
point e the cubic can be very closely approximated by the straight 
line cef whose equation is 


At the point e this line gives the cost of operation sufficiently 
accurately so that b’, the slope of the line, represents the increased 
cost to produce a small addition of productive output and is called 
the incremental cost or otherwise the marginal or differential cost. 
The value of a, represented by the distance oc on the figure, 
therefore, is the cost of ‘no production.” 

If it costs M dollars to produce z; units of production and 
N dollars to produce 2: units of production, then at 2 units of 
output, the incremental cost for (22 — 2) is (V — M) dollars. 
The no-production cost theoretically is that cost which remains 
if there is for a short time “no production.” The variation of b’ 
with the output of production units will show what the functional 
relation between cost and output really is. For estimates within 
small ranges of variation in output it is usually sufficiently 
accurate to use a straight line. 
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The term “unit cost” is one that is widely used and almost 
equally widely misunderstood. It is not a constant as usually 
considered but a natural variate. In Fig. 1 the unit cost at point 
¢ is represented by the slope of the line through the point and the 
origin or either oek or aeh, depending upon whether the total unit 
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Fig. 1 ReLation BETWEEN Costs AND OUTPUT 


cost—including the investment—or only the production unit cost 
is being considered. It is expressed by the equation 


and b” is the unit cost at the point e. At some other point the 
slope will be different, being larger for smaller outputs and smaller 
for larger outputs. It is obvious that there is a definite and 
necessary relation between the total-production-cost curve and 
the true-unit-cost curve. The former is the integral curve of 
the latter, and hence the two are mathematically related. If the 
marginal-cost curve is used 


y=a+d'z 
then the unit cost curve is a hyperbola 


2 CA Ah Ota. en [4] 


or as it is more conveniently expressed 


b’ then being the asymptote. 

These various different. costs have different meanings, as has 
been pointed out, and can only properly be used in the sense and 
for the purpose intended. Erroneous or improper use can and will 
produce improper, foolish, and even dangerous conclusions. 
Operating and fixed costs apply primarily to the financial state- 
ments of the enterprise and are the province of the accountant; 
and these recorded or accounted costs are the basis of any 
engineering, economic, or statistical analysis. Assignable and 


unassignable costs are the elements upon which a static analysis 
of costs must be built and unit costs may be used in connection 
therewith to analyze parts of the component structure. Special 
and joint costs are only applicable to a multiproduct analysis 
and are merely a step in setting up the information for a single- 
product analysis. Incremental and no-production costs are used 
in a dynamic analysis where the effect of time or output changes 
is desired. 


FormuLa For Cost oF SERVICE 


If costs are to be known, then they should be determinable in 
such a fashion that the effect of any and all alterations in the 
basic postulates can be shown and their effect traced with vari- 
ation in the fundamental physical, economic, and financial factors. 
The formula, which will be derived, expresses the whole range of 
phenomena. Any desired alteration in any factor can be traced, 
and as it is a mathematical expression founded on scientific law it 
will yield the same answer to all normally constituted minds in 
possession of the same facts. It is immaterial whether it is used 
by a utility operator, a commission engineer, an engineering 
student, or an economic. consultant. 


Basic FORMULATION FOR THE Cost OF SERVICE 


Nomenclature 

Let 
rate of return on rate base 
= rate base 
= customer component of investment C/Y = c 
= development component of operating expense 

D/R =d 
energy component of operating expense H/X = e 
= fixed or customer component of operating expense 
F/Y =f 
= going value G/I = g 
= investment component of operating expense H/J = h 
= investment or value of physical properties 
= demand component of operating expense J/Z = 7 
= demand or kilowatt component of investment 

K/Z =k 

= development component of investment L/R = 1 
= summation of all operating expenses 
= net income 
= overhead component of investment O/I = ¢ 
= revenue received or to be determined 
= working capital W/M = w 
kilowatt hours 
= number of customers 
= demand in kilowatts 
= (1 +g) = going-value multiplier 
= (1 + Aw) = working-capital multiplier 
= (1 +0) overhead multiplier 
== Al cb 
=hB¢ 
= A+A 


The fundamental equation is that the revenue received diminished 
by the necessary expenses incurred must equal the net income, or 


Ri ABM a= Ns scm tqvobirn endear. [6] 
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= transformation coefficients 
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This net income is the much quoted “fair return’ on the “fair 
value” or the allowed return on the rate base. That is 


By substitution and rearranging to determine the revenue, which 
is the thing desired 
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The expenses consist of a large number of partially independent 
costs which depend upon the various independent variates, that 
is to say 

MES ASIEN Dn. oe a ees [9] 


which may be rewritten in terms of the causal factors as 
M=eX +j2+fY +dR+Al.......... [10] 


The rate base consists of four principal parts; the value of the 
physical properties or the investment, the going value of the 
company, the necessary working capital, and the franchise value. 
This latter will be omitted in the discussion because it is of such 
a minor nature in comparison to the other three. 


UB TP ASG tae Woe csens css tga feels {11] 
Going value may be best expressed as a decimal part of the 
investment. 

Jo} Sf Olas GP oo cia Se Benin 8375 [12] 
Working capital is, of course, related to the operating expenses 
and may be expressed as a decimal thereof. Making this sub- 


stitution and substituting the value of @ for (1 + g), the rate base 
may be expressed as 


Substituting this value in Equation [8] 
R=M+AXB 

M + Ala + AwM 

= M (1 + Aw) + Ala 


which is the expanded fundamental formula for the revenue 
which must be received in order to cover the operating expenses 
and the return on the investment. Investment, just as operating 
expense, consists of a large number of different items, but "all lof 
which may be expressed in terms of the causal factors. 


WR NORCO Oe Oe Git! Ors Com Oe ae {15] 
(1 + 0) (C+K+L) 

=¢(C +K+L) 
or substituting the values of the causal factors 
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This value of J, together with the value of M from Equation [10], 
may be substituted in Equation [14], whence 


R=B(eX+4jZ4fY +dR+ho{cY+kZ+1R })+Aag(c¥ +kZ+I1R) 
=peX +6jZ+BfY +BdR+dc¥ +AMZ+ NR +AcY +AkZ +AlR 
=BeX+BjZ+BfY +6dR+nrcY¥ +rkZ+n1R 

R=dR — IR = BeX +Z(8j +rk) +¥ (Bf tne) 


or solving for R, the required revenue 


_ eX + (6 + wh)Z + (6f + x0)¥ 
i (Bd ate ml) 


On examination this is seen to consist of 
Revenue = 


R 


energy cost + demand cost + customer cost 


1— development cost ratio — development investment ratio 


DIscussiION OF APPLICATION OF FORMULA 


The theory is simple and obvious enough but the technique 
of application becomes difficult not because of errors of account- 
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ing or improper records but because of the peculiar conditions of 
the utility business which do not exist in other less complicated 
industries. 

The principal points of difficulty are: 


(1) What is a customer? 

(2) What is the demand; how does it vary; and how is it 
caused? 

(3) How are the losses of product occasioned? 


There is not space to analyze these questions at length and the 
second point has been thoroughly discussed in papers over the 
past twenty years. Suffice it to say that the utility customer is a 
very different thing from an industrial customer and when an 
“average customer” is introduced to the subject confusion is 
bound to arise. As a matter of fact, when the ‘average customer” 
is spoken of, usually, the “average consumption” is intended. 
These are very different things, as shown in Fig. 2, which presents 
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Fia. 2 Customer DistrRIBUTION FOR A NuMBER OF COMMUNITIES 


Wire DirrERENT CONSUMPTIONS 


customer distributions for a number of communities with very 
different consumptions. It is, however, important to note that 
in every case the ‘average consumption” occurs at a point where 
from 2/3 to 3/4 of the customers use substantially less. 

This discussion has not included a specific discussion of ‘‘dis- 
tribution costs” as Mr. Cooke intended. Many such discussions 
have been presented during the past five years or more. Their 
value, however, bas been limited because agreement in basic 
definitions has been lacking. Rather than to add further to the 
confusion I have presented these fundamental principles that 
might well be considered before venturing into a field which 
is ruled by faith rather than fact. However, there is no fun- 
damental difference between a ‘cost of distribution” and any 
other cost. The complications are a little more obvious and im- 
portant and in order to make the necessary hypotheses to 
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apply approximations, a more intimate technical knowledge is 
required than with production costs, for example. Such inti- 
mate technical knowledge is not found generally outside the util- 
ity field. 

This is naturally so because it is only in the utility field 
that there has been opportunity for men to study the wide va- 
riety of situations that exist. For example, the whole technique 
and naturally cost of distribution in a sparsely settled area fed 
by overhead radial distribution is far different from thatjin a 
city with an underground secondary network. 


Discussion oF Mr. Cooxn’s CoNcLUsION 


There seem to be no new conclusions in this paper. Throughout 
attention is invited to the alleged failure of the utilities to keep 
adequate records. The method which he proposes is not set forth 
in detail, so cannot be discussed, and the conclusions which are 
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presented are merely a repetition of conclusions previously sub- 
mitted by the New York Power Authority. 

In that connection it is interesting to refer to Fig. 3, which 
presents the data as to distribution costs which Mr. Cooke gives, 
as well as similar data taken from a paper by Marshall and Snow. 
Even with the New York Power Authority’s figures it is clear that 
for the consumer using less than 600 kwhr per year (and remember 
this may be two thirds of the customers) a distribution cost of 3, 
4, 5, or even 6 cents per kwhr may not be excessive. When it is 
realized that the figures which they present are deliberately low— 
Marshall’s and Snow’s figures being substantially higher and 
probably more nearly the truth—distribution unit costs as high 
as 10 cents per kwhr must be reasonable for the convenient cus- 
tomer who uses perhaps 10 kwhr per month. If one has drawn the 
conclusion that the utility companies are exploiting the consumer 
who uses 600 kwhr per year, or more, one must also draw the 
conclusion that they are charitably inclined toward the small 
fellow. An intelligent person, however, draws neither conclusion 
and realizes that such cost differentials are natural and that the 
use of averages is deceptive and must be engaged in with care, 
if at all. 

In conclusion, I wish to reiterate the fact that the utilities keep 
a set of accounts which are as complete and as accurate as those 
kept by any industry and that techniques for making cost deter- 
minations are available and are used. Both facts are well known 
in the profession. 


GrorcGE H. Morss.® Mr. Cooke has recounted the gradual im- 
provement which has occurred, during the passage of the last 
20 years, in the precision with which it has been possible to state 
the average cost of electrical distribution to urban residential 
customers. There is, and probably always will be, considerable 
variation in this cost as between different utilities, dependent 
upon local conditions and the individual characteristics of manage- 
ment. There is attainable at any one time a most probable cost 
of distribution, based upon the most reliable observations availa- 
ble at the period. At the present time there are available three 
sets of results, totaling 43 cases, which appear to the writer to be 
worthy of inclusion in such a computation. 

From a survey made by the Power Authority of the State of 
New York information is obtained on nine utilities, one being the 
municipal system at Jamestown, N. Y., and the remaining eight 
systems in other states. These nine utilities were surveyed in the 
field by competent engineers, and the costs of distribution indi- 
vidually reported by them were adopted and set forth in the 
Power Authority report. Sixteen New York systems, other than 
at Jamestown, were studied by the same engineers and costs of 
distribution were determined, based upon investments reported 
by them, with operating costs applied such as are deemed attain- 
able under sound management and equitable as regards public 
interest. From the National Power Survey of the Federal Power 
Commission, information is at hand on the cost of distribution 
in 18 systems. 

The costs found by these several agencies are for distribution 
to urban residential customers, and include fixed charges on dis- 
tribution equipment beginning with primary conductors as they 
leave the local distribution substation, to and including the 
customers’ meters, overhead lines only being considered. Fixed 
charges include 3 per cent depreciation expense and 7 per cent 
return on invested capital. Combined taxes and insurance at 
1!/, per cent are included in the few cases in which these items 
were not definitely known or are known not to have been incurred. 
In cases where the tax items were ascertainable they were used. 
Adequate allowance has, in all cases, been made in invested 
capital for construction overheads and general investment, and, 
in the greater number of cases, for working capital. Investments 
are all for undepreciated property. Intangibles, save for such 
expenditures as have actually been made and which should 
properly be acceptable in a rate base, have been excluded. All 
costs of operation, except federal income and excise taxes and 
uncollectible bills, have been included. New-business expense 
appertaining to increasing energy sales has been included, but 
merchandising in electrical appliances has been excluded when 
practicable. The costs of energy lost in the distribution system 
and energy delivered to customers are not included. The average 
cost of distribution per kilowatthour and the average number of 
kilowatthours annually sold to each urban residential customer 
for all of these cases have been collected and plotted in a single 
diagram, cents extending along the horizontal axis and kilowatt- 
hours along the vertical axis. A so-called shotgun diagram has 
thus been produced which exhibits a trend apparently best 
represented by some one of the various hyperbolas implicit in 
the formula 


z=a+c/y 


The most probable locus has been determined according to the 
theory of least squares, the requisite being that the sum of the 
squares of the x residuals shall be a minimum. The constants, 
determined on this basis, are a = 0.6733 and c = 1080. 

The probability curve, arrived at as above described, is shown 
in Fig. 4. A list of places where studies were made, which lie 
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close to the curve, was chosen as representing the most normal 
conditions. This list comprised 16 studies, as‘follows: 4, 7, 11, 13, 
| 17, 19, 20, 22, 23, 24, 25, 28, 31, 33, 36, and 39. 

The average number of kilowatthours used per residential 
% jcustomer per year for these places was 810, "and the average num- 
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ber of residential customers 39,149, both weighted as to number 
of customers. 

The average values of the elements of cost of distribution per 
customer for the aforementioned places, weighted as to number of 
customers, were: 


Depreciation expense (3 per cent of investment)...... $2.05 
PP AXES \..ccrc tote A eee Are ee ae 0.90 
Return on investment (7 per cent of investment)...... 4.77 
Distribution and maintenance...................... 2.13 
Utilization Oxpensess eae treet ee aA ye ent 0.81 
Gommercialiexpensc sa) etme 2.30 
iNew. business expense maa te aeeaa ren en 0.70 
General expense are ee eRe eae 


The annual average cost per customer and average cost per 
kilowatthour, both weighted as to number of customers, were, 
respectively, $14.80 and 2.11 cents. 

Before computing these weighted averages, one or two items 
under several of the foregoing captions, which were either mani- 
festly excessive or not given at all, were eliminated. The incre- 
mental average costs, as given, are individually typical, but the 
method of their derivation—which is to say, with exclusions 
noted—precludes their sum from being precisely equal to the 
weighted average total cost, namely, $14.80. 

Of the 16 distribution systems, two are municipal, the larger 
of which has taxes in an average amount per customer of 90 cents, 
and the smaller pays no taxes. 


N. E. Funx.’ In the introduction to his paper, Mr. Cooke 
makes the statement that the electric power and light utilities 
have not been subjected to serious competition. As engineers, the 
members of this Society know from experience that electric 
energy has always been in competition with other forms of fuel 
for all heat processes, including the production of power in 
isolated plants. They may not, however, realize that this same 
competition also exists in the home. Electric cooking and 
water heating are in direct competition with coal, gas, and oil. 
Moreover, there has always been the necessity of competing for 
the customer’s dollar, as illustrated in the household’s desire to 
spend it for luxuries rather than comfort and convenience in 
the home. 

If, because of claimed ignorance of cost methods, the electric- 
utility industry has been able to reduce the average cost per unit 
of energy to the domestic customer to 62 per cent of the 1913 cost 
in the face of a tremendous increase in taxes, while the cost of 
living has increased to 139 per cent of 1913, passing through a 
200 per cent increase in 1919-1920, it might be deduced that like 
ignorance on the part of the supply industries of other and much 
larger items of the family budget would have been quite helpful. 

Mr. Cooke states that the keeping of generation and trans- 
mission costs are reasonably adequate, but that systematic cost 
finding for the distribution system is especially inadequate. Let 
us look at the facts in the case. The “uniform classification of 
accounts” of the Public Service Commission of the State of Penn- 
sylvania requires 12 main fixed capital accounts for steam- 
generating stations. For practical investment control, these 12 
main accounts are expanded to 52 main and subaccounts for a 
large company. There are 24 commission main operating accounts 
for steam-generating stations which, for a like reason, are ex- 
panded to 128 main and subaccounts—a total of 180 accounts. 
For transmission the total is 119. 

The commission’s accounts prescribe for distribution and utiliza- 
tion, which is a necessary part of delivery of energy, 23 main 


§ Vice-President in charge of engineering, Philadelphia Electric Co., 
Philadelphia, Pa. Mem. A.S.M.E. 


484 


capital accounts and 48 operating accounts, which, in a large 
company, are expanded to 268 main and subaccounts. 

I understand that Mr. Cooke wishes to go further than this 
and include meter reading, construction, and operating overheads, 
taxes, retirement costs, and all other costs connected with dis- 
tribution. If this is true, then it is necessary to add 321 additional 
main and subaccounts expanded from the main accounts of the 
Pennsylvania commission—a total of 589 accounts. 

The Philadelphia Electric Company supplies service in an area 
of 1550 sq miles. In this service territory, with a population of 
more than 2,700,000, are one city of about 2,000,000 population, 
27 communities varying from 5000 to 60,000, and 153 communities 
under 5000 population. This area is served by approximately 
20,000 primary and secondary distribution circuits, exclusive of 
all distribution in excess of 4800 volts and omitting the 2300/220- 
volt network in the center of the City of Philadelphia. If accounts 
were kept by circuits, as suggested by Mr. Cooke, more than 
11,000,000 accounts would be necessary, to which entries would 
be made each month. 

I assume that Mr. Cooke wishes to go one step further, and 
that he suggests that a single circuit be broken into branches. At 
least, he suggests that the current for one circuit delivered from 
the preceding circuit be determined. Anyone’s judgment is as 
good as mine as to what the resultant multipliers for the 
11,000,000 accounts would be. 

The paper further suggests that costs be kept on a unit- 
operation basis, such as digging different types of holes, setting 
poles, backfilling and tamping, guying, etc. It is evident that 
Mr. Cooke does not realize that costs have been kept for years by 
which the efficient use of labor and material can be determined. 
These costs are used by the engineers in making estimates and 
checking construction costs, but the actual total cost for each job 
must be charged into the accounts. Actual costs will vary from 
estimates due to variation of conditions encountered in the field 
from those estimated. If Mr. Cooke is suggesting that accounting 
should be so subdivided, it would mean, for example, that under 
the heading of poles, towers, and fixtures it would be necessary 
for each of the approximately 20,000 circuits to have a separate 
accounting number for such sub-items. On this basis, the 
11,000,000 accounts would be further increased. 

This multiplicity of accounts, however, does not contain an 
allocation of cost to the various classes of service, which is sug- 
gested in the paper. In order to accomplish this result it would be 
necessary to keep a separate set of accounts for each class of 
service supplied by each of the 20,000 circuits. Conditions on 
each circuit are changing from day to day, which would make 
it necessary to change the distribution of cost between the 
various classes of service. In this connection, the paper states 
that, when the situation changes, rational changes in allocation 
should be effected immediately. 

What is the object of this minute subdivision of accounts? The 
answer is not in Mr. Cooke’s paper. Evidently not to establish a 
different rate for service from each circuit, because the whole 
trend of state regulation, the policy of the companies, and 
national government pronouncements have all been toward ex- 
tending uniform rates over an ever-widening area. Mr. Cooke 
himself, if I am not mistaken, is an advocate of extending the 
rates for built-up communities into rural areas where the cost 
is greater. 

If Mr. Cooke’s claim is correct that the electric-utility com- 
panies have not developed distribution cost accounting satisfac- 
tory to him because they wish to hide costs, why did he not ob- 
tain from such large public operations as the Ontario Hydro 
Commission, Seattle, and Los Angeles, and present a practical 
cost-accounting system? 

The paper refers to the report made by the Power Authority of 
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the State of New York on “The Cost of Distribution of Elec- 
tricity,” and mentions three of the conclusions reached by the 
Power Authority in connection with such costs. 

The method the Power Authority used in arriving at these con- 
clusions should be clearly understood in order that the accuracy 
or inaccuracy of the conclusions may be determined. The Power 
Authority confined its study to 16 selected upstate municipalities 
and the metropolitan area of New York City. The customer 
density in these upstate communities is fairly uniform, the feet 
of wire required per customer varying from a minimum of 119 ft 
to a maximum of 332 ft, thus indicating areas of relatively high 
customer density. The physical property in these communities 
was inventoried by Power Authority engineers and appraisals were 
made by using uniform unit-cost tables, not actual costs. Thus, 
the selection of areas of about the same customer density and the 
use of the same unit-cost table naturally produced results which 
show that the investment per customer in these communities is 
nearly uniform 

In arriving at the portion of the total investment in the distri- 
bution system which could be allocated to residential customers, 
the Power Authority used uniform percentages for communities 
having about the same number of customers; that is, for com- 
munities having less than 10,000 customers, 85 per cent of the 
total investment in the distribution system was allocated to 
domestic consumers. For communities between 10,000 and 25,000 
customers, the factor was 70 per cent, and was graduated down 
to 55 per cent for communities over 100,000 customers, irrespec- 
tive of the actual facts in each case. 

The total annual cost of residential distribution in each of these 
communities was determined by using a uniform percentage of 
investment for fixed charges, together with nearly uniform opera- 
tion and maintenance, commercial, utilization, new-business, 
general, and miscellaneous expense. The amount used for each of 
these expense items was not an average of the actual amount 
reported by the companies serving these communities, but was 
an estimate prepared by the Power Authority, which was less 
than the expense actually reported. 

Thus, with a combination of factors which included selected 
communities of about the same customer density, the use of 
uniform unit-cost tables in appraising the distribution property, 
the use of uniform percentages in allocating a portion of the total 
investment to domestic customers, the use of a uniform percent- 
age for fixed charges, the use of uniform operation and main- 
tenance expenses, and the use of a common denominator of 600 
kwhr annual consumption per customer in all communities, how 
could they arrive at any other conclusions? 

The conclusions result from the assumptions made and not 
from a correlation of facts. It is quite significant, I believe, that 
the Power Authority declined the request of the New York Public 
Service Commission to give further evidence on the details under- 
lying this report. 

Many of the operating companies in the State of New York 
are required to serve areas which are predominantly rural in 
character and in which the customer density is considerably less 
than that in the 16 selected communities. For example, the 
Niagara, Lockport, and Ontario Power Company serves an area 
of more than 5000 sq miles, of which less than 70 sq miles is urban 
territory. The amount of distribution wire required to serve this 
area amounts to 1324 ft per customer as compared with between 
119 and 332 ft for the areas selected by the Power Authority. 

The report by the Power Authority dealt with the property and 
operating expenses required for residential service without ade- 
quate consideration of the other component parts of the business. 
An abundant and reasonably priced supply of electricity for 
industrial and other purposes may be considered just as much a 
social necessity as a supply for domestic consumers. It is essential 
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to consider the business as a whole in each community, in order 
that rate schedules may not be discriminatory and provide service 
to certain classes of customers at less than cost. 

Mr. Cooke states that one of the important conclusions of the 
report was to the effect that the reasonable cost of distributing 
electricity to homes with an average annual consumption of 600 
kwhr does not exceed 2!/, cents per kwhr. Perhaps one illustration, 
out of many that could be made, will suffice to give an indication 
of the results of applying this conclusion. 

If the domestic rate for Lansdale, a municipal system (data for 
which is contained in the report), is reduced to the level claimed 
reasonable in the report, the net reported income of $57,566 will 
completely disappear and, instead, the total revenue will be 
$9000 less than the operating expenses. No taxes are included, 
which private companies must pay, and from which municipal 
systems are exempt. 


Joun H. Witurams.’ I agree with Mr. Cooke that cost finding 


in the electric industry is not as difficult as in railroading but, if it 


is overall cost as a guide in rate making that is desired, I do not 


/ agree with him that each concern should develop its own cost 


system. I know the electric industry would prefer not to make 
public their costs in the units in which electricity is sold, but I 


, believe they will agree with me that, if costs are to be made public 
) and used as a base for rate making, all concerned should use the 


same cost structure and cost-finding procedure. 

T have no illusions as to the possibility of devising any one plan 
that will meet the approval of all concerned, yet the advantage to 
be gained through comparison where all concerns use the same 
system far exceeds the difficulty of making one system that will 
meet the requirements of all concerned. 

Where one standard system is used the concerns using it should 
be free to criticize it, and the regulatory body should consider all 
such criticisms and should change the plan from time to time as 


_ occasion requires. Also the concerns using the standard system 


should be free, provided they have submitted costs obtained by 
the standard procedure, to submit supplementary figures ob- 
tained in any way they see fit. 

If this plan is carried out, any imperfections that may exist at 
the outset will gradually be eliminated through trial and error, 
and the plan will in time meet all requirements of the situation. 

The difficulty in getting one system to meet the peculiarities 
of all the different companies is not as great as it would at first 
seem. It merely means that the system must provide for a 
more elaborate procedure than any one company will use. By 
doing this, while no one concern will use the whole procedure, the 


. cost in connection with like services will automatically be on a 


’ comparable basis. 


I am aware that the companies will protest at any such idea, 
but if rates are to be based on cost and the commissioners are to be 
in a position to judge as to the fairness of costs, all costs must be 
subdivided into the same items and arrived at by the same system. 
The only means a commissioner has for judging the fairness of a 
cost is through comparison with other costs. Comparison of 
total costs means very little. Only through the comparison of 
costs item by item, and comparison of differences in the items 
that are affected by differences in services, can the fairness of 
differences in rates due to differences in conditions be judged. 

The fact that there are 48 different state commissions in the 

electric industry might make it difficult to reach an agreement 
upon a standard cost structure and cost-finding procedure. 
Yet, little in the way of help in the matter of rate making need 
be expected from free-lance cost finding on the part of the sepa- 
rate concerns. Comparison of costs as between different con- 
cerns to be effective in determining the efficiency of the various 


7Consultant Management Engr., New York, N. Y. Mem. A.S.M:E. 


485 


concerns, and the fairness of their rates, must be item by item 
according to items that reflect differences in conditions. 


Hupson W. Ruep.* As a consistent advocate of informatory 
cost accounting, I find it extremely difficult to discuss this paper 
constructively. The paper is so general in nature that it is im- 
possible to use it as a basis for building up a constructive cost- 
accounting system which would be of operating value to the 
utilities. Most of the paper is a general attack on the operating 
management of a great industry. Industrial cost accounting is 
not analogous to utility accounting. There is no parallel be- 
tween the repetitive operations performed within the four walls 
of an automobile factory and the divergent and dissimilar opera- 
tions involved in electric distribution. Without qualification or 
discernment the paper questions the ethics of all electric-utility 
management because it does not conform with the author’s con- 
ception of accounting and would lead to the belief that an indus- 
try with 12 billions of invested capital, and almost two billions 
of annual sales, could successfully carry on without a highly in-~ 
telligent knowledge of its cost of operation. 

Mr. Cooke tries to create the impression that the electric indus~ 
try has done practically nothing in the past and is doing little at 
present, and that what it is doing in the way of developing dis~ 
tributing costs, is with ulterior motives and in an extremely un- 
scientific manner. He would further create the belief that the 
industry does not know what its distribution costs are, that 
therefore they cannot be fairly allocated, and that the industry 
is hiding behind this phase of pricing to protect inflated rate 
structures. 

Mr. Cooke states that the private generation of power by 
industrial plants is the only competition faced by the industry. 
What about gas for cooking, water heating, and refrigeration, 
and the ever-constant competition with other commodities and 
services for the customer’s elusive dollar? 

The effort to create the impression that the electric utilities 
have reached their present high position among the great indus- 
tries by following the line of least resistance, and that the phe- 
nomenal growth of the industry did not require vision, intelligent 
management, and a complete knowledge of cost, must fail to 
impress any clear-thinking engineer. Personally, I believe that 
the electrical engineer would not so far forget his code of ethics 
as supinely to permit inadequate or inaccurate cost keeping to. 
act as a deterrent to economical operation. 

Maintaining unnecessarily high costs does not mean a higher 
rate of return; the general rule is the opposite to this premise, 
and Mr. Cooke’s reasoning on this point does not appear sound. 

The necessity for commission and court sanction in such mat- 
ters as investment costs and rates precludes the industry from 
running roughshod over sound principles of cost accounting. 

A utility may be privileged to earn a fair return on its invest- 
ment, but neither the regulatory bodies, the courts, nor the public 
guarantee such earnings. Such earnings can be derived only 
through fair rates and intelligent management. 

Expert management, to whieh cost finding is indispensable, is 
not rare in utility operation. Mr. Cooke’s statement to the 
contrary must come as a shock to the many thousands of utility 
experts who have devoted a lifetime to improving the efficiency of 
electric operation. The consistent reduction in electric rates, 
while the cost of other services and commodities has steadily 
increased, speaks eloquently for itself. 

If the utilities themselves are incapable of determining, or dis- 
honest in arriving at, correct costs, then the regulatory bodies and 
the courts must be in the same category. Nothing aside from 
direct collusion with these agencies would permit such a condi- 
tion as stated in the paper. It is inconceivable that all ac- 
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countants and engineers associated with utility operation and 
regulation are either knaves or fools. The law of averages is 
such that at least a few of them should be normally honest and 
intelligent. 

This paper does not differentiate between cost accounting 
and cost allocation. It states that the cost of generating elec- 
tricity is accurately measured and is relatively simple—kilowatt- 
hours at the bus bar. It does not state, however, that there has 
never been a plan advanced for the allocation of the bus-bar 
cost to classes of service, which has received general acceptance 
either within or without the industry. 

In the past five years, class of service demand and use of 
electric energy have materially changed several times. In 
what manner could rates have been correspondingly adjusted in 
each instance? 

Mr. Cooke has advanced no practical plan for allocating dis- 
tribution costs. Why? Because of the total cost of the dis- 
tribution system, not more than 20 per cent can be directly 
charged to specific classes of customers; not more than 25 per 
cent can be allocated with a fair degree of accuracy; and at least 
55 per cent must be allocated on a purely arbitrary basis, de- 
pending partly on local conditions and partly on individual 
judgment. And Mr. Cooke suggests that such a system of ac- 
counting be developed which will make such allocated costs 
standard, comparable, and continuous! 

The practice followed by manufacturing plants where indi- 
vidual operations are continuous and repetitive cannot be used 
effectively for determining electric-distribution costs. Dis- 
tribution costs are subject to the elements of nature, and the 
diversified requirements of more than 20 million customers. 
It is not stated in what manner the machining of a bearing is 
similar to the replacement of a broken insulator; the assembling 
of a cylinder block'to the digging of a hole; nor the machining of 
screws to the many difficulties and variations in collecting delin- 
quent accounts. I cannot see how such divergent factors can be 
made comparable. 

The planning possible in an automobile plant, where the time, 
place, and procedure can be exactly predetermined, is not appli- 
cable for the resetting of a broken pole or the installation of an 
additional transformer. The many variables encountered in 
such work do not lend themselves to such detailing. Few custo- 
mers would graciously tolerate a prolonged service interruption 
to permit such impractical planning. Progress in the electric in- 
dustry has been made through planning consistent with the 
problems inherent in it. 

Mr. Cooke must know that detailed costs of a practical nature, 
in which the efficiency of both labor and material can be ac- 
curately determined, are kept to an extent that they occasionally 
become burdensome, and that such records have been routine for 
years. 

There is entirely too much emphasis placed on the cost of 
operating the distribution system. Such costs constitute a com- 
paratively small part of the total distributing expense. The cost 
of meter reading, billing, and collection alone is in excess of the 
total operating and maintenance of the distribution system. 

Mr. Cooke has stated that the determination of the cost of 
distributing electric energy is extremely complicated. We in the 
industry agree with his statement. But why has not some 
municipal, state, or federal agency developed Mr. Cooke’s ideal 
system of utility accounting? There must be a reason. I have 
carefully searched the report of the New York Power Authority, 
prepared by the twenty-odd engineers, accountants, and econo- 
mists, and have not found even a psychic suggestion for such a 
system of accounting as advocated by the author. Surely with 
the unlimited money and personnel at the disposal of the Power 
Authority it would seem that such recommendations should 
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have been made were they practical. The studied silence in the 
report on this subject speaks for itself. 

As field man for Day & Zimmermann, when the cost-accounting 
practices in the Penn Central Light & Power Company were re- 
vamped, I should be qualified to compare the 1912 cost-account- 
ing practice with that of today. The methods used then for cost 
keeping and the allocation of cost to classes of service, were 
primitive and inadequate. In many instances the small domestic 
customer was assessed equally with the large power customer. 
Our cost work in 1912 was considered revolutionary at that time, 
but it can no more be compared with present practice than 1912 
model automobiles can be compared with the cars of today. 

It is difficult to understand why Mr. Cooke would condemn 
the practice of special cost studies when carried out by the pri- 
vate utilities, while, on the other hand, such special studies as 
his various papers on the cost of distribution, and the New York 
Power Authority’s Report, are used to substantiate his wishful 
estimate on the cost of distributing electric energy. 


Watrer N. Poraxoyv.? The Electric Industry is distinct 
from most other industries in that it embraces three business 
functions ordinarily performed by different organizations—those 
of manufacturing, wholesaling, and retailing. This fact is largely 
accountable for the lack of clear-cut separation of costs among 
these three stages of business. 

Production of electric current, comparable to any manufactur- 
ing enterprise, follows an accepted method of cost keeping, 
although even in 1916 at the time of my presentation before this 
Society of the paper on “Standardization of Power Plant Operat- 
ing Costs,” J. W. Lieb and others admitted “that there is still 
adequate room for the standardization of production costs.” 

High-tension transmission and delivery at the low-tension 
side of the substations, comparable to the wholesale business 
including transportation, shrinkage, and breakage in transporta- 
tion, has not been analyzed as to cost structure with the same 
care as the bus-bar or switchboard costs. 

Distribution of electricity to retail consumers, comparable to 
retail merchandising, which receives the goods from the whole- 
saler and delivers to the ultimate consumer through the estab- 
lished delivery routes, is a stage which now demands full attention 
as to its cost structure. 

These three component parts of the cost of electricity, corre- 
sponding to f.o.b. factory (bus-bar cost), at the shipping plat- 
form of the warehouse (at the low-tension side of the substation) 
and retail price to the customer delivered to the door, postage 
prepaid (at the customer’s meter), should be clearly and carefully 
separated. 

For such a differentiation there are at least two good reasons: 
(1) To disabuse the mind of the customer that he is overcharged 
or that he is forced to subsidize some more privileged consumers; 
and (2) to help allocate and eliminate such losses in each stage 
of the entire business transaction as may be mistakingly charged 
where they do not belong. 

Assume now, that in the electrical industry there are three 
independent business concerns: X generates electricity and sells 
it at the bus bar; Y buys it and resells it at the low-tension side 
of the substation: Z buys it at the distributing substation and 
retails it to the individual consumers. Each would have its engi- 
neering and accounting problems. Suppose further, that the 
commodity under the given conditions costs n; then, by eliminat- 
ing losses and wastes by whatever means, the cost becomes 
n—l=m. 

Observe that in distribution these loss elements of cost are sig- 
nificant, but what is of utmost importance, they are entirely 
independent of losses in generation and transmission. In other 
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words, by reducing /; in distribution the J; in transmission and 1; in 
generation are not reduced. 

Consequently, the reduced cost of the ultimate distribution of 
a given quantity cannot have any salutary effect on the cost at 
any previous stage of business, whether on the cost of current at 
the bus bar or at the distributing substation. In other words, 
a greater density of customers per mile of rural secondary lines 
or a smaller investment, does not reduce the cost charged to the 
municipality which buys the given bulk at the substation or to 
a manufacturing concern which buys the current at the switch- 
board. 

Conversely, any reduction of cost that is made at an earlier 
stage may have its salutary effect on the subsequent consumers 
connected beyond these points on the transmission or distribution 
lines. 

Hence, Mr. Cooke’s point that in the cost finding it is impor- 
tant to all concerned clearly to differentiate the distribution cost 
before and after reaching the low-tension side of the substation 
is both logically correct and practically of utmost importance. 


Crayton W. Pixz.!° Mr. Cooke’s paper consists of a state- 
ment of the lack of information concerning the cost of distribut- 
ing electrical energy as compared with the situation concerning 
the cost of generating and transmitting electrical energy, and 
since the distributing generally costs more than the sum of the 
generating and transmitting figures, the great desirability, not 
to say great necessity, of information concerning the distribu- 
tion cost is evident. 

This is followed by an explanation of the present lack of 
knowledge largely due to the comparative freedom of the indus- 
try from competition, and a plea for the installation of cost- 
keeping methods which will not only aid the commissions in the 
fixing of rates, but will also contribute to lowering the cost of 
distribution by enabling and inducing economies in management. 
That these economies will more than equal the cost of a suitable 
cost-finding system is plainly stated, and some valuable hints 
are given concerning the character of the system, i.e., that it 
should be based upon units as well as, in some cases, job costs. 

It is pointed out that with accurate unit costing, the alloca- 
tion of general, joint, or overhead costs would be much more ac- 
curate than is now the case. 

Practically nothing had been published on the cost of distribu- 
tion until about ten years ago, and then but very little. The 
papers of Colonel Kelly and Messrs. Marshall and Snow were 
valuable attempts by the industry to supply a badly felt need, 
but were each based upon one company only. The Power 
Authority of the State of New York, in order to comply with the 
provisions of the law creating it, had made an extensive study of 
the costs in New York State. This was largely based upon the 
reports of the New York utilities to the Public Service Commis- 
sion of that state. This was a much broader study than had 
been hitherto made, although it was based upon conditions in 
one state and was limited to the average cost for an average 
domestic consumer. 

In considering the cost of distribution for such consumers it 
was stated that there were many different conditions in different 
places which affected the cost per customer, but that some of 
these balanced each other and that there were but three impor- 
tant variables, namely, length of wire, usage, and percentage of 
line underground. This fact was strongly confirmed by Samuel 
Ferguson in his discussion of the report. 

An equation was proposed to express how these variables 
affected the cost. It had the form W = ax + by + cz, where 
W = cost of distribution per average customer, = $65 + $0.05 
(kwhr—550) + $0.08 (feet of conductor —500) + 0.65 X feet 
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of underground conductor for the average customer in New York 
State. 

Two principal criticisms have been offered of the results of this 
report: 

One by a representative of the Philadelphia Electric Com- 
pany, who, by making two absurd assumptions, namely that the 
length of distribution wire and usage in kilowatthours per year 
were zero, caused the result of the equation to be absurd. 

The other was by Robert T. Livingston, who criticized the 
use of the “mean” instead of the “mode.” As a matter of fact, 
to obtain the mode would require a mass of information that 
only the companies could furnish, and moreover, Mr. Seechrist, 
who is a writer on statistical science, says that as the numbers 
in a series increase the ‘‘mode”’ tends to coincide with the “mean.” 
As the number of figures in the series necessary to get the mode 
would be enormous, this criticism, even if otherwise warranted, 
would seem to disappear. 

If for no other reason, this paper by Mr. Cooke is valuable 
because it set up a separate item, subtransmission. Some have 
tried to make a distinction by voltage—everything below a cer- 
tain voltage is “distribution,” everything above is ‘‘transmission.’’ 
The difficulty is that a change in the art may cause a change in 
voltage. 


Kine Harsaway.!! A method of cost finding, incorporated 
as an integral and routine part of a whole system of utility ac- 
counting such as that advocated by Mr. Cooke, would seem to 
offer great advantages over prevailing practice. To successful 
industrial management this type of accounting is generally re- 
garded as being essential and almost indispensable. Utility 
management would no doubt be the first to benefit and in the 
greatest degree, but experience indicates that what is beneficial 
to management is also beneficial to all other parties concerned. 

Intelligent management is essential to the success of any per- 
manently established industry. Facts, not isolated and un- 
related, but complete and correlated are essential to intelligent 
management. The same may be said with respect to regulation. 
It may be significant that the organization which some twenty- 
five years ago was the first to develop and apply as an integral 
part of its general accounting, the kind of cost finding to which 
Mr. Cooke refers, was preeminently successful in the operation 
and building up of the companies entrusted to its management. 

Such contacts as I have had with utilities have not led me to 
believe that there is any tendency to lie down on the job, to 
countenance flagrant inefficiency, and make up for high costs by 
padding so-called “fair investment.’ My contacts haye, how- 
ever, been only with what Mr. Cooke would class as “ethical’’ 
companies. One may, nevertheless, question the wisdom of 
either limiting or guaranteeing profits on a basis of investment, 
which should be only one of several governing factors. In- 
creased profits arising from increased efficiency over and above 
the present permissible figure might well be desirable, provided 
they might be equitably divided between owners, consumers, 
and those engaged in utility management and operation. 

That costs of electricity to the consumer have, in the face of 
rising taxes and wages, come down while the cost of other essen- 
tials has gone up, speaks well for the efficiency of utility manage- 
ment. It would appear, however, that much of this reduction in 
cost has been due to engineering advancement and that in a 
large degree it has been brought about in those fields of operation 
for which, as Mr. Cooke states, the accounting methods provide 
accurate measurement. It is difficult for any one who has ex- 
perienced the benefits of the kind of accounting under discussion 
to understand why it has not been generally adopted by the 
utilities. Mr. Cooke suggests several possible reasons. 
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I doubt, however, if the main reason for the failure of utility 
management to espouse a system of fact-revealing cost account- 
ing may be, as Mr. Cooke puts it, a “fear of more effective regula- 
tion.” My own opinion is that such hesitation may be due 
more to fear that facts so brought out might be unintelligently 
used by regulatory bodies and result in unreasonable, if not un- 
fair, regulation. It would seem reasonable to suppose that to be 
more effective, regulation must be fair to all parties; and that de- 
pendable facts would greatly aid in reaching sound decisions, and 
in avoiding time-wasting controversy. Such accounting methods 
as Mr. Cooke proposes would, no doubt, contribute to the attain- 
ment of these objectives. They might also aid the utilities in 
promoting consumer good-will through better understanding of 
conditions with which utility management must contend. How- 
ever, speculation as to what the effect of such accounting might 
be in dealings with regulatory bodies, or in the field of public rela- 
tions, tends to becloud the question and to distract attention from 
its value and importance as a tool of management. 

Almost every manufacturer has certain products which he is 
obliged, for one reason or another, to sell at little or no profit, de- 
pending upon others to make up for such loss. This may also be, 
and probably is, true of the various classes of customers served by 
a utility—or with respect to certain customers within a given 
class. It is quite possible that some consumers would be found 
to be paying too much while others pay too little, if judged solely 
by present actual cost of service. I should not be surprised if the 
facts were to show that certain classes of customers who now 
pay the highest rates actually get service for less than a properly 
arrived at cost, while others paying lower rates provide the most 
profitable business. 

It is not probable that selling prices can or should ever be ad- 
justed in fixed relation to cost in the utility field any more than 
they can inindustry. As Mr. Cooke points out, cost is but one of 
a number of factors. 

While the competent manager of a manufacturing concern 
may accept the fact that he must sell some products for less than 
his complete cost, he will not look upon such a condition as un- 
changeable. If his accounting system keeps the facts con- 
stantly before him, he will see that something is done to improve 
it, and in a surprising number of instances such efforts will meet 
with success. 

Accounting alone will not cure the ills which it may bring to 
light any more than will diagnosis without medicine or surgery 
cure those of the body. Costs should not only indicate unsatis- 
factory conditions and opportunities for improvement, but they 
should enable measurement of improvement or the reverse, 
and what is of greater importance, they should enable measure- 
ment against properly predetermined standards of performance. 
Just as costs are but one factor in the determination of selling 
prices, so is accounting but one essential feature of good manage- 
ment. The success of the organization which was the pioneer in 
applying the type of accounting in the utility field was not solely 
due to accounting. However, other important features of its 
system of management were largely dependent and closely 
connected with the cost-finding methods. The nature of these 
correlated features is all too briefly indicated in the six paragraphs 
composing the section of Mr. Cooke’s paper under the heading 
“Some Aspects of Technique.” Engineering seems to have 
played a great part in bringing about the remarkable progress 
that has been made in the generation and transmission of power. 
Is it not reasonable to suppose that engineering of another kind— 
management engineering—which has contributed so much to our 
industrial progress, might bring about equally important progress 
in the field of distribution? 

As Mr. Cooke suggests, another reason for failure to adopt 
this kind of accounting may be fear of the complexity of the 
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problem. In some degree this may be a consequence of a less 
intimate knowledge on the part of those at the top who control the 
utilities, with the multifarious activities involved in distribution, 
than they have of finance and of generation and transmission. 

A similar situation is frequently found in industrial manage- 
ment and yet experience has taught us that in a manufacturing 
business scientific management, of which the type of accounting 
under discussion is one essential element, effects the greatest 
savings where the nature of the products and the work involved 
in their production are most varied and variable. For example, 
in a general machine shop largely engaged in the building to 
order of special machinery, it is not unusual to obtain an increased 
output of from 50 to 100 per cent from the same plant and number 
of employees. On the other hand, in a simple repetitive business 
the maximum gain that can be hoped for might be only 10 to 20: 
per cent. To be sure, the complexity of the former offers a 
more difficult problem, but a proportionately greater oppor- 
tunity. Generation and transmission of power may be likened 
to industrial mass production of a single product while distribu- 
tion is in many respects comparable to the business of building 
special machinery. 

Mr. Cooke mentions the fact that Mr. Day’s organization was 
obliged to set up its accounts in three different ways. May it not 
well be that still another obstacle to an acceptance and adoption 
of better accounting in the utility field lies in the uniform systems 
of accounting and the classifications prescribed by the utility- 
regulating commissions, all of which are copies of the original 
model? One may wonder why the bodies which are in a position 
to prescribe classifications and systems of accounts content them- 
selves with such antiques. 

As Mr. Cooke says, the problem is complex; the working out of 
such an accounting system does present difficulties, but none of 
them is insurmountable. It is not something that each com- 
pany should work out for itself, although I am sure that any 
single company would find it profitable to do so. Mr. Cooke’s 
suggestion that such work be undertaken by a central agency 
seems sound; there may, however, be some question as to whether 
this might best be done by a governmental agency at public ex- 
pense or by an agency jointly established by the regulating bodies. 
and the utilities. 

One prime essential to progress along the lines of Mr. Cooke’s 
paper has long impressed me as being in too great a degree lack- 
ing—that is, an understanding confidence in each other between 
the owners and managers of utilities on the one hand and those 
representing the public. Such confidence is essential to effective 
cooperation in the interest of all parties. The presentation and 
discussion of such papers as this should be helpful to this end. 


Sanrorp E. THompson.!2 The two prime objects of cost 
finding as Mr. Cooke suggests are its use as a tool of manage- 
ment and as one of the guides to pricing. 

But even with the best of intentions cost accounting provides a. 
record of what has been done rather than a guide to that which. 
should be done. Therefore, unless the information is of such a 
form and is so handled that it can be used as a measure for future: 
accomplishment, it is evident that its findings are valueless from 
the standpoint of real operating effectiveness, except as they form 
a rough guide to use of the “big stick” in censuring the depart- 
mental heads or foremen. 

To be really useful, therefore, in the reduction of costs of 
operation, or of maintenance, or of construction, the costs must 
be converted to such a form as to be actually standards of produc- 
tion. This is an engineering problem rather than an accounting. 
one. For example, very often a cost value—and this is par- 


12 President, Thompson & Lichtner Co., Inc., Boston, Mass. 
Mem. A.S.M.E. 


DISCUSSION 489 


ticularly true of labor time—which is selected as an average or 
even as a minimum of past accomplishments is found by engi- 
neering analysis of the operation, studied from actual perform- 
ance, to be possibly two or three times the cost that ought to be and 
that can be maintained in regular practice. The speed of per- 
formance may be uniformly too slow, or the methods capable of 
great improvement, or the work so poorly planned as to involve 
unnecessary delays. 

On the other hand the cost records are essential even with the 
best ef standards to show whether or not the standards are being 
maintained. At the same time with adequate standards the de- 
tail labor of maintaining job costs can usually be eliminated, 
but the tie-in between standards and accounting costs must be 
sufficiently close so that the sums of a group of standard costs can 
be compared with the totals of the same group of actual costs. 

The establishment of standards, then, as an engineering func- 
tion is one of the most important features of managerial re- 
sponsibility. Of still greater importance is the utilization of the 
standards after they have been set. Even in many manufactur- 
ing establishments of high reputation the standards which have 
been developed at appreciable time and expense are utilized 
scarcely at all, while in construction or maintenance operation, 
where recurring jobs are apt to differ materially, the practical 
use of the standards is still less common. This lack of effec- 
tiveness is usually due to one of two reasons; either the units of 
whick the standards are formed are not sufficiently elementary 
to be adapted to varying operations or their use in control of the 
work is entirely neglected. 

Standards of production, it follows, are for three purposes: 

(1) To compare actual past performance with the perform- 
ance that should have been carried out. 

(2) To predicate in advance the performance that should 
be expected and serve as a measure of expected accomplishment. 

(3) To use in planning the work to avoid loss of time, obtain 
the proper sequence of jobs, and particularly to guarantee correct 
time of completion. 

In thus emphasizing the engineering functions it is not with 
the intention of minimizing the value of cost recording as an ac- 
counting feature. As has been indicated, engineering analyses 
and accounting procedures are essential in good management and 
complement each other. Asa matter of fact, costs, if recorded in 
workable units, can often be used through a selective process 
as a basis for the establishment of rough or temporary standards 
of performance or budgets which, in turn, can be utilized in 
practice as a measure of expected accomplishment in reducing the 
cost of the work. 

With the demand, so popular at present, for rate reduction 
the opportunities for cost reduction in operations that are out- 
lined in Mr. Cooke’s paper cannot afford to be overlooked. 

In this discussion, while emphasis has been placed upon the 
labor items of expenditure, the same principles of the importance 
of standards to utilize in maintaining lowest possible costs ap- 
ply to nearly all items of expense and predicate possibilities for 
cost reductions of appreciable magnitude in the conduct of the 
utility-company management. 


AvuTHOR’s CLOSURE 


This paper being devoted to the engineering subject of finding 
the costs of distributing electricity, i.e., of carrying the current 
from the low-tension side of the distribution substation through 
the customer’s meter, both the cost of the current and rates are 
foreign to the topic assigned to the author. 

Professor Ennis properly calls attention to the bearing of the 
reproduction-cost-new method of valuation on cost-finding. 
With plant and equipment items varying from day to day in 
assigned value, comprehensive cost finding that includes the 


influence of capital charges is, of course, impossible. This is 
just one aspect of the price being paid for using reproduction- 
cost-new rather than actual cost in valuation work. On the 
other hand, the method of valuation does not affect the finding of 
current out-of-pocket costs. Twenty years ago Charles Day 
kept his accounts three ways to meet the requirements of (1) the 
business-and-banking world, (2) the Pennsylvania Public Ser- 
vice Commission, and (3) his own managerial necessities. Per- 
haps some such emergency technique can be devised to meet the 
difficulty imposed by current valuation methods. Given a 
basic structure of actual costs, adjustments could be made to 
reflect the influence of whatever theory of valuation is in vogue. 

All occasional cost studies, as contrasted with costs drawn 
currently from the books, are suspect irrespective of who makes 
them and what their purpose. But where such studies have been 
made in as simple a field as that under discussion over a long 
period and by fairly uniform methods, and the end results have 
decreasing factors of variation, such studies are entitled to con- 
siderable respect. In the author’s opinion it may be many years 
before the industry decides to determine electric-distribution costs 
with any greater accuracy than that indicated, for instance, in 
Mr. Morse’s discussion and chart shown in Fig. 4. Much as we 
need and would value distribution costs taken currently from the 
books of the industry, in their absence we can be grateful for the 
results of such painstaking cost studies as are outlined in the 
latter part of the paper under discussion. 

Several important misunderstandings are revealed by the dis- 
cussion. Neither the number of accounts set up in a company’s 
books nor the number of items in the “Uniform Classification of 
Accounts” are measures of the accuracy of a cost-finding system. 
The author would expect the introduction of modern costing 
methods to reduce very greatly the number of such accounts. 
On the other hand, there would have to be more precise identifica- 
tion of the components of cost on operating documents for subse- 
quent consolidation by an economical computing-machine tech- 
nique. Again it has been fully established through the cost 
studies already made that the allocations in electrical distribu- 
tion will be relatively simple compared with those encountered 
in many other industries where costing is practiced. Costing 
will inevitably result in simplification of rate structures now ad- 
mittedly too complicated for good public relations. 

Does the electric industry keep costs in units suitable for the 
computation of overall costs in the units in which electricity is 
sold? They of course keep costs in units suitable for expense 
control but this is not the kind of costs with which the author is 
concerned at the moment. Perhaps, the best answer that can be 
made to this is the fact that after 30 years of regulation by public 
authority and hearings on thousands of cases, costs in units in 
which electricity is sold at retail and by classes of service have not 
once been in evidence. The “Uniform Classification of Ac- 
counts” makes no disclosure of costs in their relation to sales 
units. No public-service commission has sought to impose such 
cost-finding techniques. Routine costing has heretofore been 
held to be a responsibility of management lying entirely outside 
the authority of regulation. 

If and when overall costs come to be used in the electrical 
operating industry, the process by which they are determined 
will be relatively simple and quite within the understanding of 
laymen. Statistical erudition and complicated formulas are not 
the answer. If in doubt about this read Stephen Leacock’s 
“Through a Glass Darkly.’’!8 

There are at least three routes by which cost-keeping can be 
developed in this industry: (1) One or more companies can 
make the development on their own initiative, (2) a bureau 


13 ‘Through a Glass Darkly,’ by Stephen Leacock, Atlantic 
Monthly, vol. 158, July, 1936, p. 94. 


490 TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


might be set up by the industry to engineer the work on an indus- 
try-wide basis, or (3) some agency of government such as a Public 
Service Commission might prescribe the rules and see to their 
enforcement. The author had doubted the feasibility of the 
latter. Therefore, he is interested in what Mr. Williams had to 
say with reference to cost-finding in the railroad field, namely, 
that cost-finding for rate making can be carried on effectively 
only through the use of the same rate structure and cost-finding 
procedure by all concerned when submitting evidence before 
regulatory bodies. He goes on to say that while the proposed 
procedure should be rigidly adhered to in computing such 
costs, provisions should be made so that objections could be made 
to any feature of it, and the regulatory body would consider 
such objections and modify the plan from time to time as oc- 
casion may make desirable. He claims that this is the only 
way through which the imperfections which will exist at the out- 
set of any plan can be dealt with satisfactorily. Mr. Williams’ 
recent report!‘ on railroad cost-finding is a brief and able dis- 
cussion of practically all questions affecting general utility cost- 
finding. 

The author takes this opportunity to thank the Society for its 
part in making a start on the engineering literature of this im- 
portant subject. He is also grateful to the engineers who dis- 
cussed the paper. 


Measurement of Gas Temperature in 
an Internal-Combustion Engine’ 


B. Lewis? anp G. von Exse.* The writers agree with Mr. 
Hershey’s conclusions regarding the relative merits of the dif- 
ferent methods of determining flame temperatures. 

Reference by the author to the work of Minkowski, Miiller, 
and Weber-Schafert prompts the writers to make the following 
remarks: The difficulties experienced by Minkowski, Miiller, 
and Weber-Schifer in accounting for their observed equilibria 
between Na atoms and NaOH are probably due mainly to the 
very meager knowledge one has of the chemistry of sodium com- 
pounds in flames. It is conceivable that knowledge also of the 
equilibrium between Na and Na,O would lead to a satisfactory 
coordination of their observed results. The significance which 
they place on the observation by Kohn® that the line-reversal 
temperature of flame gases close to a heated wire is somewhat 
lower than the temperature at the same point when the wire is 
removed, may be questioned when it is considered that this may 
be due simply to a hydrodynamic disturbance by the wire, 
namely, the slowing down of the linear gas velocity. As pointed 
out in the discussion of Hottel and Smith’s* paper, this would 
lead to a lowering of the temperature in the presence of the wire. 


14 ‘Report on Cost-Finding in Railway Freight Service for Regula- 
tory Purposes,’’ by John H. Williams, issued by Federal Coordinator 
of Transportation, Washington, D. C., June, 1936. 

1 Published as paper PRO-58-2, by A. E. Hershey, in the April, 
1936, issue of the A.S.M.E. Transactions. 

2 Physical Chemist, Pittsburgh Experiment Station, U. 8. Bureau 
of Mines, Pittsburgh, Pa. Discussion published by permission of the 
Director, U. S. Bureau of Mines. 

3 Coal Research Laboratory, Carnegie Institute of Technology, 
Pittsburgh, Pa. c 

4‘Uber die Bestimmung der Ubergangswahrscheinlichkeit der 
D-Linien des Natriums aus absoluten Helligkeitsmessungen, die 
Dissoziation von Natriumsalzen und die Halbweite der D-Linien in 
der Leuchtgas-Luftflamme,”’ by R. Minkowski, H. G. Miiller, and 
M. Weber-Schiifer, Zeitschrift fur Physik, vol. 94, 1934, pp. 145-171. 

6 “Uber das Wesen der Emission der in Flammen leuchtenden 
Metalldimpfe,’’ by H. Kohn, Annalen der Physik, vol. 44, 1914, pp. 
749-782. 

€ Discussion by B. Lewis of the paper ‘‘Radiation From Non- 
luminous Flames,’’ by H. C. Hottell and V. C. Smith, Trans. 
A.S.M.E., vol. 58, April, 1936, p. 246. 


Kohn’s proof of the validity of the line-reversal method remains 
unshaken. 

The correct thermal data which should be used for the 
calculation of flame temperatures are those determined from 
spectroscopic measurements and calculated by means of quantum 
statistics. It is not correct to employ values of specific heats 
calculated from Planck-Kinstein functions because these neglect 
the anharmonicity of the vibrational levels. Of even more 
importance, however, are the equilibrium data, some of which 
were unknown at the time Goodenough and Baker calculated 
flame temperatures. One has available today accurate values of 
specific heats and equilibrium constants? which are not at all 
being used by engineers. Since these thermal data and the 
general method of calculating ideal flame temperatures, flame 
volumes, and explosion pressures appear not to be known gen- 
erally, the writers hope to publish this in the near future. How- 
ever, the writers have published® part of this material in the units 
of degrees centigrade, calories per mole, and atmospheres. 


Heat Transmission in Steel Reheating 
Furnaces’ 


J.D. Keuurr.? To the best of the writer’s knowledge, the first 
thoroughgoing analysis of continuous furnaces was that made by 
Professor Trinks*4 about 1919. Since that time, numerous at- 
tempts have been made, especially by British and German engi- 
neers, to improve the calculation methods for this type of furnace. 
In the third edition of Trinks’s ‘Industrial Furnaces,’’® the writer 
revised the method, and believes that it is the only one in which 
all of the conditions which affect the heating are taken into ac- 
count. However, it is a section-by-section method and is un- 
deniably tedious in the extreme. The authors’ attempt to devise 
a simplified method in which the furnace can be considered as a 
whole rather than in sections appears to have been as successful 
as it is commendable. They have evinced great ingenuity in 
surmounting the difficulties necessarily encountered. 

However, the writer believes that to treat the continuous fur- 
nace simply as a counterflow heat exchanger (similar to a re- 
cuperator) necessitates over-simplification and the neglect of 
some features which are of sufficient importance to cause very 
considerable differences in the operation of otherwise similar 
furnaces. The chief of these are: 

1 The fact that in most furnaces not all of the heat of com- 
bustion has been developed when the hot gases first come into 


7“‘Heat Capacities and Dissociation Equilibria of Gases,” by B. 
Lewis and G. von Elbe, Journal of the American Chemical Society. 
vol. 57, January-June, 1935, p. 612; July-December, 1935, p. 2737. 
Also: ‘The Heat Capacity of Oxygen at High Temperatures From 
Ozone Explosions and the Energy of the 'A Level of the Neutral 
Oxygen Molecules: Corrections for the Temperature Gradient in 
Explosions,’ by B. Lewis and G. von Elbe, Journal of the American 
Chemical Society, vol. 57, July-December, 1935, p. 1399. 

8‘‘ Anomalous Pressures and Vibrations in Gas Explosions. De- 
termination of the Dissociation Energy 2H.0 — 20H + Hn,” by 
B. Lewis and G. von Elbe, Journal of Chemical Physics, vol. 3, 1935, 
p. 63. Also: ‘Remarks on the Experimental Determination and 
Theoretical Calculation of Flame Temperatures and Explosion Pres- 
sures,’ by B. Lewis and G. von Elbe, Philosophical Magazine, vol. 
20, 1935, p. 44. 

1 Published as paper PRO-58-1, by J. E. Eberhardt and H. C. 
Hottel, in the April, 1936, issue of the A.S.M.E. Transactions. 

2 Carnegie Institute of Technology, Pittsburgh, Pa. 

3“Heating Furnaces and Annealing Furnaces,’’ by W. Trinks, 
The Blast Furnace and Steel Plant, vol. 7, 1919, pp. 69, 98, 134, 171, 
215, 294, 321, 390, 423, 490, 539, 583. 

4‘Tndustrial Furnaces,” by W. Trinks, John Wiley and Sons, 
Inc., New York, N. Y., vol. 1, first edition, 1923. 

’ ‘Industrial Furnaces,” by W. Trinks, John Wiley and Sons, 
Inc., New York, N. Y., vol. 1, third edition, 1934. 
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contact with the charge, but part of it is developed by combus- 
tion continuing to some extent in the gases as they pass toward 
the cold end of the furnace. 

2 The limitation of all of the authors’ test results to furnaces 
with nonluminous flames of premixed gases, whereas probably 
the majority of furnaces work with at least partly luminous 
flames, in which the emissivity varies much more widely and 
unpredictably along the length of the flame than is the case with 
clear gases. 

3 The neglect of the recalescence or latent-heat effects occur- 
ring in iron and steel at around 1400 F. 

The extent to which these factors influence the results can be 
judged from the temperature curves given in ‘Industrial Fur- 
naces,’’> pages 172 to 184, inclusive. 

Other influences which must in some cases be considered are: 
Endwise radiation, i.e., from the hot end toward the cold end of 
the furnace; in end-discharge furnaces, the convective cooling 
of the charge by cold air which is drawn in (often in surprisingly 
large quantities) at the discharge doors by the stack effect of the 
sloped hearth; ‘‘channeling” of the hot gases under the roof of 
the furnace, if this is arched across the width; heat losses to 
water-cooled skids; change of specific heat of steel, which in- 
creases more than 50 per cent from room temperature to 2200 F; 
and temperature difference in the charge when thick material is 
being heated. 

It would be interesting to know whether the authors have con- 
sidered the possibility of integrating their Equations [6a] and [8] 
analytically rather than graphically. For an equivalent case in 
which 7’, was constant, the writer obtained an expression con- 
taining log and tan-! terms. By substitution from Equations 
[6] and [7] either 7, or T'¢ could be eliminated from Equations 
[6a] or [8], but by doing so a constant term would be introduced 
which may prevent integration except in series. 

The use of theoretical flame temperature for 771 in Equation 
(9] appears decidedly questionable, since the actual flame tem- 
perature is seldom within 500 F of the theoretical value. How- 
ever, it must be admitted that no better procedure can be sug- 
gested, in view of the meager knowledge of speed of combustion in 
actual furnaces. Heiligenstaedt? has attempted to calculate 
the rise and fall of the flame temperature by making certain 
assumptions as to the combustion rate, but these appear to be 
based on no experimental data, and hence must be regarded 
as highly questionable. 

The authors’ grasp of the practical operating conditions of 
continuous furnaces is evidenced by their treatment of the effect 
ef irregularity of operation, which indeed is probably the most 
important factor affecting both capacity and economy. One 
might suggest that, for any given schedule of operation and shut- 
downs, it would be possible to calculate the output and fuel 
consumption with considerable accuracy by a combination of 
the graphical methods given by Hausen® and in “Industrial Fur- 
naces,”’> pages 93 to 111, inclusive. In view of the variability of 
schedules, however, the division of regularity of operation into 
three broad classes as done by the authors is undoubtedly the 
best procedure for most cases. 

The curve of efficiencies versus furnace length, given in Fig. 
5 of the paper, is especially good. However, two things should 
be noted: First, that great length in itself is no guarantee of 
high efficiency, as this depends on specific heating rate in lb per 


* “The Time Required for Heating Steel,” by J. D. Keller, Heat 
Treating and Forging, Oct. and Dec., 1934, pp. 487-490 and 586-590. 

7 “Rekuperatoren, Regeneratoren, Winderhitzern. Die Wirme- 
riickgewinng in Industriellen Ofenanlagen,’’ by W. Heiligenstaedt, 
L. Spamer, Leipzig, Germany, 1931, pp. 54-76. 

3 “Naherungsverfahren zur Berechnung des Wérmeaustausches in 
Regeneratoren,” by H. Hausen. Zeitschrift fiir A ngewandte Mathe- 
matik and Mechanitk, vol. 11, April, 1931, pp. 105-114. 


sq ft per hr and therefore the curve is only correct for one definite 
rate of through-put; second, the position of the curve would 
certainly be different in furnaces with luminous flames, or with a 
different amount of wall loss. A further step would consist in 
plotting (a) thermal efficiency and (b) temperature of gases 
leaving the furnace against specific heating rate. In any case, 
not too much reliance should be placed on any theoretical cal- 
culations of efficiency in view of the wide variation of fuel con- 
sumption found in practice as evidenced by Fig. 138 in “Indus- 
trial Furnaces.’’® 

It is to be hoped that the data obtained by the authors on 
diffusivity of steel at high temperatures will soon be published, 
as they will be of great value to furnace engineers. 


Pressure Losses in Rectangular 


Elbows' 


Russevt K. Annis.2 The scope of this paper is unusually 
broad, as it covers almost every conceivable variation in the pro- 
portions of rectangular elbows. One additional and important 
conclusion which can be deduced from the data presented is the 
fact that, for turns greater than 90 deg, the ‘“‘easy”’ elbows have an 
even greater advantage than they have at 90 deg or less. 

This conclusion can be reached on the basis of the data pre- 
sented in Fig. 10 of the paper, where the effect of the elbow angle 
in per cent of the pressure loss for a 90-deg elbow is plotted for 
elbows up to 180 deg. A 123/;-in. X 12%/;-in. simple elbow is 
compared with the same elbow having one splitter. As pointed 
out in the paper, the splitter breaks the elbow up into two com- 
bined elbows, each having an aspect ratio and radius ratio differ- 
ent from the original simple elbow. The authors also point out 
the fact that the loss in a 180-deg elbow with a splitter is not just 
slightly less than such an elbow without a splitter, but rather is 
slightly less in proportion than the loss in the respective 90-deg 
elbow. 

If this is true for an elbow with a splitter, which is essentially 
two elbows in parallel each having more favorable aspect and 
radius ratios than the original simple elbow, then is it not also 
true that the same statement applies to each of the two elbows 
formed by the splitter, even though either one of them were used 
separately? 

It is also explained in the paper that the principal benefit to be 
derived from the use of splitters is through the increase in the 
radius ratio. It would seem to be desirable to space the splitters 
in such a way as to obtain equal radius ratios for the smaller 
elbows formed by the splitters. 

Now assuming that the splitter for the data shown in Fig. 10 of 
the paper was located in this manner, then the simple elbow would 
be divided consequently into two elbows each having the same 
radius ratio, viz., 1.43; this radius ratio was estimated by the 
writer on the basis of the data plotted in Fig. 13. As such their 
losses are equal, except perhaps for a small correction due to as- 
pect ratio and size, both of which are extremely small items as the 
authors prove by test. It is therefore highly probable that the 
loss in each elbow is less than the original elbow, since the total 
loss is less. 

Either of these two elbows thus formed might therefore have 
been tested separately, with losses substantially the same as 
shown in Fig. 10 of the paper. On this assumption, would it not 
be possible to interpret the lower curves of Fig. 10 not only as an 
“elbow with one splitter,’ but also as a “simple elbow having 


997 


1.43 radius ratio? 


1 Published as paper AER-58-2, by R. D. Madison and J. R. 
Parker in the April, 1936, issue of the A.S.M.E. Transactions. 
2 Consulting Hydraulic Engineer, Beloit, Wis., and Asheville, Nic. 
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Another conclusion, or rather another point of view in regard 
to a conclusion made by the authors, applies to the relation be- 
tween aspect ratio and radius ratio. This conclusion is based 
simply on the geometry of the situation, and would emphasize 
more strongly the importance of a favorable aspect ratio. For a 
given area, and a given radius ratio (or rather a given range of 
radius ratios), Fig. 9 of the paper shows that above an aspect 
ratio of 1.0 there is very little change in pressure loss. But in 
actual practice, are there not many cases where the problem is in 
some other terms? For example, the area might be, and usually 
is, fixed, but often the other limit is not in terms of radius ratio, 
but in a limited outside radius, or limited inside radius. With 
such a problem, the aspect ratio would have a more important 
bearing on the results, because it would control mathematically 
the radius ratio, and the latter, up to a certain point, is a con- 
trolling factor, even though the aspect ratio of itself is not im- 
portant. 

The writer’s interest in this paper is entirely from the point of 
view of centrifugal pumps, the underlying principles of which are 
in general usually considered to be similar to blowers. He there- 
fore questions the statement that the velocity leaving the scroll is 
highest along the outside. Is this an experimental fact with 
blowers? The opposite is considered to be true with centrifugal 
pumps, as brought out by Pfleiderer.* Pump designers find that 
the mathematics based on this phenomenon have a highly im- 
portant effect on the efficiency of centrifugal pumps. 


AUTHOR’S CLOSURE 


Mr. Annis suggests that the effect of a splitter is equivalent 
to two elbows in parallel. This seems to be essentially so from a 
comparison of tests, in spite of a difference in velocity distribu- 
tion at the entrance and exit of the elbows. Thus, from the tests 
of Fig. 10 of the paper, it is reasonable to suppose that the lower 
curves with splitters are approximately the same as an elbow of 
1.65 radius ratio and increased aspect ratios. 

It should be realized that these curves represent tests on only 
one kind of elbow, and should be somewhat different for other 
types. The authors have pointed out in the paper that in all 
probability the curves become flatter, that is, the proportionality 
becomes more uniform as the curve ratio (and likewise the ra- 
dius ratio) increases. Similarly, high aspect ratios should tend 
toward uniformity of the loss with degree of bend. 

Mr. Annis points out that aspect ratio does, under certain 
circumstances, determine radius ratio. This is true and thus 
has an indirect bearing upon the loss. Obviously, the mathema- 
tics of the problem requires that separate values be assigned to 
each function, radius ratio and aspect ratio, irrespective of each 
other. 

Mr. Annis brings up the question of the difference between 
pumps and fans. Essentially, there is little difference where 
cavitation and compression are not considerations. Practically, 
on account of space limitations, the usual commercial ventilating 
fan has a housing much wider than the impeller at the blade 
tips. Air leaving the impeller has a radial component of energy 
which produces a cross flow in the volute casing. This is more or 
less pronounced at the fan discharge. If pumps were made along 
the same proportions as fans, they would have this same char- 
acteristic. Usually, however, the width of impeller in pumys is 
nearly the same as the volute at the same point and this lessens 
the tendency to cross flow and approaches the more ideal type 
of free vortex where the tangential velocity varies inversely as 
the radius. 

Mr. Annis refers to the work of C. Pfleiderer? which is similar 


3’ “Die Kreiselpumpen,” by C. Pfleiderer, Julius Springer, Berlin, 
Germany, second edition, 1932, section 43, pp. 127-129. 


to that of Wilhelm Spannhake! wherein the flow through a pump 
impeller passage is treated. If there were no vanes, the flow 
through the impeller would be similar to impingement of a jet 
on a flat or conical plate, as the case may be. The velocity is 
higher adjacent to the shroud where the pressure is low, and lower 
near the hub where the pressure is high. If a segment of this 
shape of revolution were considered as an elbow, a wrong inference 
would result. There would be no friction along the imaginary 
sector faces to disturb the ideal flow. Likewise, in the usual elbow 
there is no radiating component of flow to maintain the ideal 
balance. 

The addition of impeller vanes complicates this flow pattern. 
However, where the rate of curvature of the vane is small, the 
tendency is for the velocity of flow to increase where a region of 
lower pressure exists and decrease where the pressure is higher 
than normal. 
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Fic. 1 Square OutTstpp CorRNER ELBows 

The authors believe that a word about the use of the so-called 
square elbow recommended by Wirt® may be of general interest. 
Referring to Fig. 1A of this discussion, Wirt claims that an elbow 
with square outside corner has 10 per cent less loss than the same 
elbow with a rounded shape, as shown by the broken radius. 
The authors’ tests show that where the inside corner is sharp and 
the elbow is followed by a duct, the square-corner type has from 
10 per cent less loss for low aspect ratios to 15 per cent more loss 
for high aspect ratios than the rounded types. It is reasonable to 
expect that where the radius ratio is large, as in Fig. 1C of this 
discussion, the rounded type should be superior to the square 
type, since in the latter the velocity pressure is lost largely at 
the entrance and must be recreated at the exit. Additional tests 
have therefore been made on elbows with a radius ratio of 1.5 as 
shown to seale in Fig. 1B of this discussion. Where the aspect 
ratio was unity, the elbow with a square outside corner had a 
loss two and three-quarters times that of the conventional elbow, 
and when the aspect ratio was 4 it had a loss two and one-quarter 
times that of the usual rounded type. Where no ducts followed 
the elbows, the elbows with a square outside corner showed a 
20 per cent greater loss than the usual type for unity aspect 
ratio, and showed no difference when the aspect ratio was 4. Not 
only was the loss generally higher in these elbows but there was 
a distinct surge accompanied by an increase in noise. 

To supplement the data given in the original article on split- 
ters the authors have prepared the curves of Fig. 2 of this discus- 
sion wherein the average of the altered aspect ratios is considered. 
This should prove useful for elbows with one, two, or three split- 
ters if the original elbow is approximately of square cross section. 
The effect of size is shown in Fig. 2 of this discussion by short- 
dashed lines for the 3-in. square elbows, by long-dashed lines for 
the 6-in. square elbows, and by solid lines for the 12-in. square 
elbows. 

To use the chart find the curve ratio for the original elbow 
without splitters and locate this value at the base of the chart. 


4“Problems of Modern Pump and Turbine Design,’”’ by Wilhelm 
Spannhake, Trans. A.S.M.E., vol. 56, 1934, paper HY D-56-1, p. 225. 

5 “New Data for the Design of Elbows in Duct Systems,’”’ by L. 
Wirt, General Electric Review, vol. 30, June, 1927, p. 286. 
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Fia. 2 Errect or Spiirrers on Various Size ELBows 


The intersections vertically above should be projected to the 
left scale of the chart where the loss in per cent of the velocity 
head may be found for the same size elbow with the correspond- 
ing number of splitters. 

The chart offers a graphical analysis of whether splitters will 
benefit a given elbow. The advantage in elbows of low curve 
ratio is apparent. 


Effect of Concentrated Sodium Hy- 
droxide on Boiler Steel Under 


Tension’ 


W. C. ScurompEr? anp A. A. Berx.* The paper by A. S. 
Perry presents a clear and careful analysis of the data on which 
it is based. The failure to find intererystalline cracks in boiler 
plate where the external appearance might tend to indicate the 
presence of embrittlement is in line with the work of Ruttman‘ 
in Germany. He found, through a statistical study of a large 


1 Published as paper RP-58-7, by A. S. Perry, in the April, 1936, 
issue of the A.S.M.E. Transaction. 

2 Associate Chemical Engineer, U. S. Bureau of Mines, New 
Brunswick, N. J. 

3 Junior Chemist, U. 8S. Bureau of Mines, New Brunswick, N. J. 

4 “Prklirungsméglichkeiten fir verformungslose Briiche an Kessel- 
teilen,” by W. Ruttmann, Mitteilungen der Vereinigung der Gross- 
kesselbesitzer, no. 53, August, 1935, pp. 168-176. 
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number of cases of boiler metal fracture, that flange cracks were 
characteristically (corrosion) fatigue cracks in 80 to 85 per cent 
of all cases. Itis very possible that the service which the flanges 
perform subject them to much greater danger from repeated 
stress than is the case for other sections of the boiler metal. If 
the samples which were described by Mr. Perry were removed 
from locomotive boilers it is also likely that this steel had been 
exposed to higher repeated stresses than is normally the case for 
stationary boilers. 

This same effect may account for some of the difficulty which 
has recently been reported by several railroads in preventing 
cracking even though the Boiler Code ratios appear to be cor- 
rectly maintained. If the protection offered by sodium sulphate 
from the action of the solution were based on the maintenance of 
a scale or film, the repeated stresses arising from the motion of the 
locomotive over the road may disrupt this scale or film and 
seriously interfer with the protection. Whether a repeated stress 
in the presence of solutions will normally cause intercrystalline 
as well as transcrystalline cracking is stilll open to question. 
Ruttman! states, “That despite great efforts it has not been 
possible to produce intercrystalline fractures as they appear in a 
boiler by pure oscillating stress.” This statement was, however, 
made before the action of sodium silicate in the sodium-hydroxide 
solutions was recognized and this point is certainly open to further 
testing. It must also be remembered that initial intercrystalline 
embrittlement cracks may well act as scources of larger fatigue 
cracks and finally become entirely effaced by corrosion.** 

It is clearly evident from this discussion that the study of the 
action of solutions at elevated temperatures on steel under re- 
peated stress should be of especial value to the railroads. Holz- 
hauer’s? work in Germany and the results reported by Schroeder 
and Partridge® may well be an opening wedge in attacking this 
problem. 

The writers have analyzed a sample of one of the brands of 
sodium hydroxide which Mr. Perry used in his tests and found 
it contains approximately 0.25 per cent Na»SiOs. In the tests 
made with 400 grams of sodium hydroxide per liter this gives a 
sodium-silicate concentration of approximately 1 gram per liter 
which may possibly be somewhat below the optimum concentra- 
tion for producing embrittlement, but which apparently gave a 
measurable effect under some of the test conditions described by 
Mr. Perry. 

This paper has presented excellent illustrations of cracking 
produced in the experimental boiler and in practice. It is to be 
hoped that Mr. Perry will be able to continue his investigation 
of a number of the points he has raised. 


AurHor’s CLOSURE 


The author greatly appreciates the remarks made by Messrs. 
Schroeder and Berk concerning the paper. 

Railroads in general should certainly initiate or support re- 
search into the action of solutions at elevated temperatures under 
repeated stress. 


5 ‘‘New Laboratory Data Relative to Embrittlement in Steam 
Boilers,’ by F. G. Straub and T. A. Bradbury, Trans. A.S.M.E., 
vol. 58, July, 1936, paper RP-58-13, pp. 389-390. 

6 “Action of Solutions of Sodium Silicate and Sodium Hydroxide 
at 250 C on Steel Under Stress,”” by W. C. Schroeder and A. A. Berk, 
A.I.M.M.E. technical publication no. 691, Metals Technology, Janu- 
ary, 1936. 

7 “Fndurance Limit of Boiler Steel and the Effect Upon It of 
Chemical Attack,’’ by C. Holzhauer, Mitteilungen Materialprufungs- 
amt Technische Hochschule Darmstat, no. 3, 1933. 

8 ‘Effect of Solutions on the Endurance of Low-Carbon Steel 
Under Repeated Torsion at 482 F (250 C),” by W. C. Schroeder and 
E. P. Partridge, Trans. A.S.M.E., vol. 58, April, 1936, paper RP-58-9, 
pp. 223-231. 
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Caustic embrittlement is, in the author’s opinion, a result of re- 
peated stress supplemented by chemical attack. 

Repeated stress may be induced by workmanship in the fabri- 
cation of boilers, by classified repairs, and by operation under 
service conditions that impose high repeated stresses. 

Chemical attack may be induced by chemicals used in water 
treatment, that is, where stress of metal results in a crack, chemi- 
cal attack will follow the line of least resistance and presumably 
accelerate its progress. 

The author is inclined to this opinion as a result of his investi- 
gations on boiler plate which has cracked in service, despite the 
fact that boiler code ratios were correctly maintained. 


Estimation of Dissolved Solids in 
Boiler Water by Density Readings’ 


R. T. SHpen.?. Two types of hydrometers, similar in type 
to those used by the authors, were submitted for test purposes 
in 1932 to the laboratory of the firm with which the writer is 
connected. The tests were made on a series of ten samples with 
dissolved solids ranging from 100 parts per million to 6240 parts 
per million. During the tests, readings were taken on each 
sample at three different temperatures but the results, on the 
whole, were not as good as those reported by Rummel and 
Holmes. Some difficulty was encountered during the tests through 
breakage of the floats. From the writer’s experience, it would 
seem that breakage would be common in the hands of engineers 
who are not used to the handling of laboratory glassware. 

While the authors have selected their No. 1 hydrometer as the 
one which gives best results, and have classified the results ac- 
cording to reproducible accuracy, nevertheless it will be noted 
from a careful examination of Table 2 of the paper that none of 
the hydrometers consistently gave results which can be relied 
upon. For example, on sample No. 7 with a concentration of 33 
grains per gal, hydrometers Nos. 5 and 6 showed 48 and 14 
grains per gal, respectively. On sample No. 8 with a concentra- 
tion of 37 grains per gal, hydrometer No. 1 showed 36 grains per 
gal, while hydrometer No. 3 showed 50 grains per gal and hy- 
drometer No. 4 showed 58 grains per gal. On sample No. 23 
with the higher concentration of 221 grains per gal, hydrometer 
No. 1 showed 205 grains per gal, while hydrometer No. 2 showed 
205 grains per gal, hydrometer No. 4 showed 168 grains per gal, 
and hydrometer No. 6 showed 180 grains per gal. On sample 
No. 30 with a concentration of 400 grains per gal, hydrometer 
No. 1 showed 460 grains per gal. These results were obtained 
under carefully controlled laboratory research conditions. What 
then will be the results when these instruments are placed in 
the hands of engineers in the field for field control? The authors 
make a point in conclusions 9 and 11 of the fact that instruments 
must be kept clean and that small gas bubbles, some of which 
may be very small, will affect materially the reading of the in- 
strument. The authors admit that the instruments should not 
be relied upon implicitly. 

It is the writer’s contention that instruments of this type should 
not be relied upon at all, particularly when the blow-down rate 
of boilers can be obtained by such a simple test as an ordinary 
chloride titration. The chloride content of a boiler feedwater 
at any given stationary plant is usually fairly constant. From 
a ratio of the chlorides in the feedwater to the chlorides in the 
boiler water, the boiler blow-down rate can be checked quite 
carefully by a nontechnically trained operator. The test can 


* Published as paper PR-58-8, by J. K. Rummel and J. A. Holmes, 
in the April, 1936, issue of the A.S.M.E. Transactions. 

* Technical Director, W. H. and L. D. Betz, Chemical Engineers, 
Philadelphia, Pa. 


be made and interpreted as quickly as a test made with a 
hydrometer and is certainly subject to less error. 


C. W. Foutx.* It might be of interest to know that a hy- 
drometer invented by the writer gives accurate readings within 
less than one unit of the fourth decimal point. These instru- 
ments have been in use for over a year at the power house of the 
Ohio State University for determining the concentration of boiler 
water. 


AuvTHoRS’ CLOSURE 


Mr. Sheen is correct in stating that control of concentration of 
boiler water by the chloride method is easier and probably more 
reliable when the constituents of the boiler water do not vary 
greatly. All density instruments are of little value when the 
total concentration of dissolved solids in the boiler water is below 
75 grains per gal. Chances for error are too great. However, 
traveling engineers, railway chemists, and those having occasion 
for the need of rapid determination of dissolved solids on samples 
of unknown and varying composition, find the density instru- 
ments a great help. For this type of work, it is considered that 
a percentage of error not to exceed 10 per cent is satisfactory. 

The wide variations mentioned by Mr. Sheen with the various 
instruments were shown to indicate that those instruments hav- 
ing the largest bodies and thinnest stems and which were not en- 
closed in too small a cylinder were the most accurate. These 
varying results of the various instruments on the same water led 
the authors to conclusions 2, 3, and 8. 


Effect of Solutions on the Endurance 
of Low-Carbon Steel Under Repeated 
Torsion at 482 F (250 C)’ 


R. C. Apams, Jr.2. The conclusions of the paper are most 
interesting and quite gratifying to the writer inasmuch as they 
mark the nearest approach yet made to the opinion which the 
writer has regarding caustic embrittlement. This opinion is 
founded upon the basic work of McAdam and the subsequent re- 
searches of W. C. Stewart, senior metallurgist of the U.S. Naval 
Engineering Experiment Station, Annapolis, Md. Caustic 
embrittlement is considered by the writer to be only another of 
the wide variety of stress-corrosion phenomena. 

Those familiar with corrosion-fatigue know that a fluctuating 
stress, whose maximum does not approach the maximum tensile 
strength of the metal, eventually will cause rupture. The higher 
the maximum of the fluctuating stress, the fewer cycles of fluctu- 
ation will be required to cause rupture. The maximum fluctuat- 
ing stress which a steel can withstand for ten million cycles is 
defined as the fatigue limit or endurance limit. The fatigue 
limit for an almost unlimited number and variety of materials 
has been determined at the U. S. Naval Engineering Experiment 
Station. The fatigue limit is considered in all naval-design ‘cal- 
culations, except in the very few instances where the material in 
service will be subjected to only a definite static stress. 

Corrosion which is almost undetectable by visual examination 
markedly reduces the fatigue limit of metals. The degree of 
damage increases with the nature and severity of the corrosion. 


3 Ohio State University, Columbus, Ohio. 

1 Published as paper RP-58-9, by W. C. Schroeder and E. P. 
Partridge, in the April, 1936, issue of the A.S.M.E. Transactions. 

? Chemical Engineer, U. S. Naval Engineering Experiment Sta- 
tion, Annapolis, Md. The opinions in this discussion are those of 
the writer and are not to be considered as official opinions of either the 
Navy Department or of the U. 8. Naval Engineering Experiment Sta- 
tion. 
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DISCUSSION 


Simple exposure to a mildly corrosive environment induces some 
reduction in fatigue limit, and the simultaneous combination of 
fluctuating stress and corrosive environment accelerates the 
damage. 

Some experiments have been conducted upon 0.35 per cent 
carbon steel, which otherwise was similar in composition to the 
material used by Schroeder and Partridge. 


Fig. 1 Raprau Cracks, CAUSED BY CORROSION-FATIGUEB, BENEATH 
A Frep-Linr Pap In THE DRUMHEAD OF A Naval BoILer 


Fic. 2 DrumMuEapD SurFAcE UNDER THE AUXILIARY 
Frep-Linge Pap 


This material had a tensile strength of 82,800 lb per sq in.. 
an elastic limit of 30,000 lb per sq in. and a fatigue limit of 35,000 
lb per sq in. Specimens of this material were suspended in the 
water of the steam drum of one of the boilers at the U. S. Naval 
Engineering Experiment Station. They were subjected only to 
the stress of supporting their own weight, but were exposed to a 
boiler-water environment. The boiler water was treated in 
accordance with the standard navy method. The feedwater was 


495 


not completely deaerated, but probably contained about 0.5 
milliliter of oxygen per liter. The boiler was used as stand-by, 
and was steamed no more than 10 per cent of the period of ex- 
posure. During the time that the boiler was idle, the environ- 
ment of the specimens must have been free of oxygen. 

Under these conditions of exposure, the mild-steel specimens 
suffered reduction in the fatigue limit. In a period of only 100 
days, the fatigue limit was reduced 20 per cent. At the end 
of two years, material which had had a tensile strength of over 
82,000 Ib per sq in., and an original fatigue limit of 35,000 Ib 
per sq in., retained a fatigue limit of only 27,000 lb per sq in. 


Fie. 3 Drumaeap Surrace Unper Matin Frep-Linn Pap 


The effect of corrosion-fatigue is well illustrated by a case 
which was referred to the U. S. Naval Engineering Experiment 
Station about a year ago. Radial cracks had been found beneath 
the feed-line pads in the drumhead of a destroyer boiler. The 
cracks were of the sort which have been identified as the result 
of caustic embrittlement. Fig. 1 of this discussion shows one of 
the radial cracks, after the surface had been machined away. 

The notable thing about the cracking was that it was much 
more extensive under the main feed-line pad than under the 
auxiliary feed-line pad. Fig. 2 of this discussion shows the 
drumhead surface under the auxiliary feed-line pad after 0.07 in. 
of the surface had been machined away. It will be noted that 
the longest crack extends not quite half-way to the bolt circle. 
Fig. 3 of this discussion is a similar illustration of the metal under 
the main feed-line pad. Here many of the cracks extend to the 
bolt circle and even beyond four of the bolt holes. The cracks 
extend almost to the periphery of the pad from two of the bolt 
holes. 

Virtually all conditions were the same for both areas in the 
drumhead, since the two feed openings were less than 1 ft apart. 
The same boiler water, the same temperature and temperature 
fluctuations, the same pressure and pressure fluctuations, and 


496 TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


the same vibrations from the ship’s movement should have affected 
the two areas. The vital difference was that the ship was 
equipped with reciprocating feed-pumps and the mainfeed pump 
was used almost to the exclusion of the auxiliary feed pump. The 
pulsation of the feed pump supplied the fluctuating stress that 
resulted in extreme damage from corrosion-fatigue. 

During the period of service in which the cracking developed 
there was slight possibility of high boiler-water alkalinity. At 
that time it was the general custom for operators of naval boilers 
to keep the boiler-water alkalinity near the minimum limit, which 
was 0.2 per cent normal alkalinity, approximately 6 grains per 
gallon as calcium carbonate. As reassurance on this point, one of 
the uncovered cracks was placed under a microscope and ob- 
served while a drop of phenolphthalein was placed on the crack. 
No trace of pink color was discernible. Evidently the cracking 
did not follow the process of caustic embrittlement. It is be- 
lieved that the theory of corrosion-fatigue offers an acceptable 
explanation for the occurrence. 

It is believed that the investigative work at New Brunswick, 
N. J., is being directed into increasingly more fruitful courses. 
The reports from this investigation show that the importance of 
caustic as the cause of boiler-metal failure probably has been 
overrated. Corrosion induces weakening and failure of steel, 
but the corrosion may result from many other causes than 
alkalinity of the boiler water. A well-advised search for effective 
corrosion inhibitors such as is projected for the ensuing work at 
New Brunswick should be of definite value. 

The torsion tests which are reported are indicative, but the 
results admittedly are only qualitative. It is believed that re- 
duction of the torsion stress to a more reasonable degree and 
provision for large increase in the number of stress cycles will 
lead to more reproducible and reliable results. It may be noted 
that the conclusions of the present report are in substantial agree- 
ment with the explanation of boiler-metal cracking outlined by 
the writer. 

The entire project at the Nonmetallic Minerals Experiment 
Station of the Bureau of Mines at New Brunswick, N. J., has 
evidenced a high order of investigative ingenuity, competent 
direction and study, independence of thought, and scientific 
accuracy. Recognition of this makes it the more gratifying that 
the results should tend to confirm the opinion that the phe- 
nomenon called caustic embrittlement is but a special case of 
corrosion-fatigue. 


AvuTHOR’s CLOSURE 


The discussion by Mr. Adams indicates a very definite connec- 
tion between repeated stress tests, such as represented by this 
torsion work, and actual cracking which may be encountered in 
boiler operation. The corrosion fatigue testing at the U. S. 
Naval Engineering Experiment Station at room temperature 
with free access of oxygen has shown a sharp reduction in the 
endurance of the steel due to contact with some solutions. The 
tests under repeated torsion indicate a still greater effect of the 
solutions at the elevated temperatures. Unquestionably, a 
great deal of the cracking encountered in boiler operation may be 
laid to repeated stress. This is especially true for flanges or 
pads that are used to connect auxiliary equipment to the boiler. 

Ruttman,’ in an examination of 138 boiler failures, found that 
cracks in flanges were characteristically (corrosion) fatigue frac- 
tures in 80 to 85 per cent of all cases, but cracks between rivet 
holes or tube holes and in drum sheets were characteristically 
intercrystalline (embrittlement) fractures in 80 to 85 per cent 
of all cases. About four times as many boilers which failed had 
cracks between rivet holes or tube holes, or in the drum sheet as 
those which had cracks in the flanges. Ruttman® classified the 
embrittlement cracks partly by their external appearance but 
mainly by their intercrystalline character under the microscope. 

While recognizing that much of the type of cracking cited by 
Mr. Adams may be ascribed to corrosion fatigue, the authors 
would hesitate very much to subscribe to the theory that em- 
brittlement cracking is a manifestation only of the action of 
repeated stress and ordinary corrosion. No one has yet reported 
typical intercrystalline cracks produced in the laboratory by 
corrosion fatigue. The authors have not found this possible in a 
few preliminary experiments even with sodium silicate-sodium 
hydroxide solutions. In the past, failures that were mainly 
corrosion fatigue may have been classified as embrittlement crack- 
ing. At the present time, however, the evidence does indicate at 
least two different types of fracture which may well be pro- 
duced by independent specific reactions. It is hoped that fur- 
ther testing will not only make it possible to differentiate be- 
tween the two effects but will also make it possible roughly to 
estimate the part played by each action in producing ultimate 
failure. 

3 “Erklirungsméglichkeiten fiir verformungslose Briiche an 


Kesselteilen,’’ by W. Ruttman, Mitteilungen der Vereinigung der 
Grosskesselbesitzer, no. 53, August 1, 1935, pp. 168-176. 
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